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and the neutral fluid arme obtained from these cross sections for the case
that the particle velocity distribution of each species is Maxwell-
Bol tzmann. The coefficients for these quantities are given graphically
and numerically for temperatures in the range 0.01 to 500 eV. A sunmmary
shows how to use these data in two-fluid magnetohydrodynamic simulations
of high-altitude nuclear bursts at tines subsequent to one second.

:1

* ;'I

r4

UNCLASSIFIED _

SFC RIQT Y CL ASSI FIC ATV~nP ')r T.S PA,, 'Itml,',~.



I

PREFACE

We are indebted to Drs. N. G;. litterback and N1. Scheibe of Mission

Research Corp)oration and Drs. I). A. \room, T. A. Rutherford, and

R. II. Ney)naber of Intelcom Rad Tech for heIp if)fton i nfo INItion on thiS worI'k.

~VS

16,K:. ii ...... . . .

Its"

:1 :



II

CONTENTS

1. INTRODUCTION AND SUMMARY 7

2. THEORY OF MOMENTUM AND ENERGY TRANSFER BY CO.LISIUNS 10

2.1 Scattering Collisions 10
fil ,.a•t i,,• f the Pro!)leCm ej iy
(b) Change of Momentum and Kinetic Energy

in a Collision 12
(c) Evaluation of Integrals 15
(dc) General Resul ts 20

2.2 Charge-Exchange Reactions 22
(a) Introduction 22
(b) Sym•lnetric Charge Exchange 23

S e3 Relation to the Equtions of Fluid Dynamics 23
(a) Momentum Balance Equations 23

(b) Energy Balance Equations 25

3. SCATTERING CROSS SECTIONS FOR ATMOSPHERIC SPECIES 29
3.1 Electron-Neutral Scattering Below 100 eV 29
3.2 Electron-Ion Elastic Scattering 30
3.3 Ion-Neutral and Neutral-Neutral Elastic Scattering 35

(a) Low-Energy Limit - The Polarization Force 35
(b) Scatterinq Below 20 eV 38
(c) Scattering from bO to 30000 eV 42

4. CHARGE-EXCHANGE CROSS SECTIONS FOR ATMOSPHEPIC SPECIES 44
4.1 Introduction 44
4.2 Symmetric Charge Exchange 47
4.3 Asymmetric Charge Exchange 54

3

-rWm wrrmiT11.V



5. COEFFICIENTS FOR COLLISIONAL MO.ENTUM AND HEA TRASFER FOR74

TWO-FLUID NUCLEAR-IjURST SIMULATIONS 74

5.1 Coupling and Heat-Transfer Coefficients 74il

5.2 Uow to Use the Coupling and Heat-Transfev'
Coefficients in Two-Fluid Simulations "1

REFERENCES 
90

APPENDIX A. GLOSSARY OF SYMBOLS 
-1

APPENDIX B, MOMENTUM AND ENERGY TRANSFER BY B-I

CHARGE-EXCHANGE REACTIONS B-I

(a) Statement of the Problem 
B-1

(b) Evaluation of Integrals 
B-2

(c) Results for Reactant Species 
B-5

(d) Results for Product SpeciesB

(e) A Simpler Approximation _ 
73

(f) Comparing the Effect of Charge Exchange

With That of Scattering 
F,- 9

APPENDI.X C. INELASTIC ION-NEUTRAL COLLISIONS ABOVE 10 KEV C-I

4I

I

A.U



LIST OF ILLUSTRATIONS

Figure Paft

1-1 Momentum-transfer cross sections for scattering and
charge exchange of He" + He and He + He. 66

4-2 Momentum-transfer cross sections for scattering and
charge exchange of NF + N, N + N, and N2 + N2 . 67

4-3 M0Momentum- transfer cryss sections for scattering and
charge exchange of 0 + 0, 0 + 0, AND 02 + 02. 68

4-4 Momentum-transfer cross sections for scattering and 49
charge exchange of N2+ ý N2 , 02+ + 02. and NO+ + NO. 69

4-5 Momentum-transfer cross sections for scattering and
charge exchange of N' + 0, 0' + N, N + 0,
N+ + U, and 0+ f U. 70

4-6 Momentum- transfer cross sections for scattering and -A

charge exchange of N+ + N2 , N2"+ I- N, and N2 + N2 . 71

4-7 Momentum-transfer cross sections for scattering and
charge exchange of 0 + 02, 02+ + 0, and 02 + 02. 72

4-8 Momentum-transfer cross sections. for scattering and
charge exchange of N+ . NO, 0 + NO, NO+ ' N,

and NO' + 0. 73

5-1 Coupling coefficients for elastic scattering Sik and for
synmetric charge exchange s vs. collision temiperature. 76k

5-2 Coupling coefficients for electron-neutral scattering sje
and electron-ion scattering sie vs. electron collision
temperature. 7 8

5-3 Heat-transfer coefficients for elastic scattering hik and
for symmetric charge exchange hk* vs. collision
temperature. 79

5-4 Heat-transfer coefficients for electron-neutral scattering
hje and electron-ion scattering hke vs. electron col lision
temlpera tu re. 80



LIST 01: TAILES

Fable .Page
3-1 The function f(x) erf(x) (2/v)xe .34

3-2 Dipole polarizability and electric dipole and quadrupole
moments of some atmospheric atoms and molecules. 36

3-3 Coupiing coefficient and heat-transfer coefficient due
to polarization force for various atmospheric ion.
neutral pairs. 37

3-4 Characteristics of potential energy functions of pairs of
atmospheric species for separations greater than 1,I0-8 cm. 40

4-ia Studies oF the cross section for He He. l -e + lie'. 48

4-1b Studies of the cross section for N I- N , N + N+ 49

4-1c Studies of the cross section for 0+ 0 0 f 0 50

4-1d Studies of the cross section for N2 4- N2  N2 i N2
1 . 51

4-le Studies of the cross section for 0.• 9 - 0 9. 53

4-if Studies of the cross section for NO + NO NO + NO, 54

4-19 Studies of the cross section for N+ N 1 0 55

4-1h Studies of the cross section for N 4 N2  N + N2 . 57

4-li Studies of the cross section for 0* + 02 0 + 02  58
2- 2

4-lj Studies of the cross section for N+ + NO-- N + NO+. 61

4-1k Studies of the cross section for 0+ 1. NO 0 1 NO4 . 61

4-2 Cross sections for symmetric charge exchange of
atmospheric species. 64

5-1a Parameters of the coupi in9 coefficients due to electron-
neutral and elastic electron-ion scattering. 82

5-lb Parameters of the coupling coefficients due to ion-
neutral elastic scattering and symmetric charge exchange. 83

C-I Parameters of the stopping cross section due to inelastic
scattering. C-2

6



SL.CTION I

I NIRODEJC ION AND SUMMARY

A ijo l s is tit [lt'II ct lec t u I' hIli .II It It tId I LI C lea II I I'r Iliil I.;t Si (-h I etiltllIttI i-

'.:11 itt , aida r Olpt jt'ca :I i a d itnt pa E'OtI `;vSt Q'HIS I-C1(I IP.5 Pt i al "k I c C ot11Itlitt at ioil"

I) lit: 1' 1 li t-r tF . I oiln o lit' 11 t:i .11 lo tt' i Y w 'ajioll tel.'i I -, it 1 i 1 hu

t10s I .I' I'tin e u ,lt 11 il 1 1V i IId i 0g 11i rC 'I4I

I 2 tL' tIl'1et-t1'it ot C O t 1140 t011 lit' td ad io td 1":0 iow

"kt l 'li -;I It it tidle TItle I ar busI"ts sti'.' ditniitnttepentd st r'otl,1~. Oil 1 .311

01cl tSIH i'Ot'tseci i oli amlf.t ~ 1,de eyid n owt ra I, an .'t11..111 11 t 1rOn';

andt ion".. i'otI lii, hur hleltt' 101) I'm AIt it tidtl.' k-o) I Iýicjlvls art' stfit it ;i 1 at i

rap id that the' oiie-11 lid hyllY.lOdlVIAiiti Ckltfit i tis1- tcSOies pje 10ost pI'll liolwiica

'.~i t'0 tlkt' COl I Ii S iOil 111.2.11 CI it' 1iatli t oII 1 0 2~ tlti itI I 1 .g . an' lait e dl-t ;I J 'I '

tIlke eoel I I itl I poc05 ect k:14t11 iw i1111it it ;1 i' 51 .iW Io r1' aii %lr\ vt v Oiltf

Co I hel 5 svin 1>1 . k. of ell Ii tt in' I r "I lav n' ' t te'I :Idi Jc %, I lkt' ~ st t

110I to tso tilt. (iiiOI tlll. a : i t t ',0 I i'';il Ilk 01 1 kt-s i I ýi l !t' jot'I it Oil s1 fni t a>

ti:'Ii I h A c' i a x'st . t, extclt n Iti!ch of t rt htlis I . lit Is c an o c tit-iC j I pI':itoisn

,'I low :i s 1( tI tst .u k Itit' Sotlts I , 0 t C h 1'' 0, t't" '.t'tt't Oil0 dth1: a 1 aid1 t''.lC I C ;

7



I t.10 et It .1 al )II 11 'I I.!t I. n I ii o It I- v I-% I- v it I t 3, 1 ald Appcn Id~ -x

II g I i.e. I I throu~tig t I 8 :IImiiI. I-1. 7 Vt 111 t h -0 %. Ck. t 1i4o kI Ia I ft) I- e par 1ý t i L' I L

"Ptkie' nip11ortmi11r ill ai ~ lit u tildc hur',t

10 '.ei ~i e doV t11 heý,' .ijVLA i01 atla. e itte~ fIs over hefil tvit c\e toiel Itlt

Liti It bit t I ons . I )r i I ., t hke f i Is *;." collkl, whien thelL parti ik Ic ve lk i t i e- al...

OXtI. FinT11W h1,1 Illt VC Ii . it .' , t iie'.e ptieinItue~ I enld t o I ItVli 1 vt e t' v l' 1.\ I .1 .

ii aI iot -' IL) COY m kX I: I.' Io (':1 X ( o.-;x Ii ' In t i C ( I I i n S 1 (11111 i ~ C t 0 i tt doq

not .It t eL-1,tipt aIl an I y .i. k 1vI vee '-1b~otlivi r t Xt) ono z~ecold t liv mta in1 aplp Ii cat i on

fa I~ It ji d MIIt I s im 1111 at i tiln ( f1 IlicI ea r 1311rst phelnoilteint 'I'l s Ieotli I'e Vk`

bet %\ volt lit, I till ci e c I t. I o i-A I It I d and I it, lewt it I fI k I d . 1w li e s r L, iv i l

I .lit' IW I 11111 I A I- .,)" 1t'kl'lji t'd in 11 1-,1tv t. tidCtI eru ne1 11 t he'%1 det tn'I It

Illat mirk miiiet i c i L' I LI and st VFiaýIt i on h1le re,; i st i v i. tV i s d i icc L I V

1, me t at 'L t o I. t raIt c o1 f I ec t ron Ilunmtll (-It t ullIOss V Ory I a t 0 -L t Iiv nucl I oa r hti 1,s,

nit ~I a I~i ~t)in t'L'Lit F c all~t taltr ' e i co I *.I it'l tler tck I I It v itl c ~ ot hi lkti t ra i s

Cu. i- Ol Ii S 1011 lrt'itit'iitCv C~all lic e.\lt'1ed Qirilis It' I Ilk rat o of joll
* ~ ~ i Initlenit till,. Ios,

!'.It I.- 11Vte 0 4)i 1 is t onM i th t 11We M hat' OlIS iLi0'I'ed t lie par11 it'1' c luc itI V

Ii~ Id ýot .~-. )t v 1 ac ; spec It' to !itt' Max%% c i . iolk I mii in fv taici ilikl'i ll' .'t

hoill' ein ve ok it v i'I lit Npt'c Iu till s appi'n \ ltiat toll i ' I a CoitititOit1i -o : ItI

It%) i i ' t dv;crktra t )I(es I Itl It Sii 1' Cod lu 0l C .1 I It I t 0d 111 C(It LI I tills 3

Fae 0 k ltýlL' tti o I ~ l~ c tI *1 011~ 1 tot ol fcr r:1 1. t1 AI",1 C iXre' c ( 1 1tLI'l-

.niof I I it ctI t 1 CnLw t U1ran011 I: coc ti k 2-W I .tnl I he lit, eia o I 1ro1tv C1, It~t

k i v ll it I~q - I I ld tIlk' IlkI I Ik, ci c o t r



-- ; T Ilk. In'l i mm In a ai II 1:11fl~ - *, N. I

a fie CN ee ed I I I ltlo I In ad Sf111' 'luau I"tt io1w. NIlf)N vivfttlt It' e I, i~ ' ct

[lt I'ld~ It aafat t't -vi I U 1 k.ae 1.p th .aaa yi~ ta I we ri' %NII
".ltit VtrII .I rlito a 1 1 21 I lt ni.h 1 21 IIt I all ir sI ai ; .1 t t ea l. i-i I fWk ' %lltlt t

.1itf: [ 1 1'd ,.1 ,f Iiv at , l aIt"I o', . fla t Iad ,? t t ivtIt'till)[d, I t vv' I i'll .id t , ,i.lhi t till

ltoo I I 'l'll'lll \ a lv lttifit 1aa 1 II y , tl ' .lflfII. lit' - I lI th i fttltty ' tit, If ulit'l el e . t r,llc I .va r l'• ifm v Int ,-t''km,| I %I . 3'h tm ., t It-ilt" I.tillll• .I ,les "-I %I 1 ,)1 0 I vv Iiv kl.•ll.ll

t' Pu" t I t ,,lt Ia k tatt I mIv 4)" vevI' l t' eI cta'aI rit;i I J a Ii ltaa' " lati t' rtd .,it ., , 0.0I" 1t

Ia tA•t, I q litnI I lie N l• I-I I f al I I l l f a of i ll ' lcfk, k I IIr l c i ll s I lt rigiclic I v;t' ft ll'l-

(iill It ts , il I t I tII i, ftI It ittit'.' . , o' t ic ct ll itri"a I •l ai mit' t;tll t I a itand tt e Ilv

I [tlt' i i I ti .ifl' ti'Ii•tlt' .f•t Iil'i lI'a (altl ' lai 'a it'lf at h pa rIclt' v
•' l ikili lit1 liltli.1, I, ilh 0l'! 1'i! , 1 1' ' llii, h ill i M l't, llil l', , ,illt I 11ý 1 c I ;I-

hl iil, lhlil intl'' t i. ' e'h' I l'it ' Iak. tea tt t It'll ' ftl ll It a al'l, t t' ilt', t'0

I i .tI I lf A!, i Liil i'tii latt0% it -i t far,'it' c I a thetse I II t t Ik i.v!!t'I l itl- t ft '.n f

ii )I'; I',.' and lit-,,'' Il~ ~ •l I II•, I I Sil-a t 1 0l'• 11l11,, l I tf~',(: l ~ ~ 111l l •

t I~i" ,lit . lollt. i i, liti h•t tlt a II \I;i t 'I Itt' m ro'l'lt '%ill and1 i l'tt , * l' i,,,;

I.'" (I;- I d~! 1 MI I I Id• l l ' lit• 1t1 1 1 , Ir I' l, -l it, IA I ft I• I. • i•v.a I,. , PlAl I A,,l 111,lf-ti' . -It i i k1 1t1 Iie .tf 1i atli c Il k I ill CA isOt i I t'I t'li I I:ttf " i r' tlat
It,-,i ulthnie ll ,L l ' Itt't ii h ttill ) c i e ll iv i v l('a lltlw l ail kt'ti l ",v I-'IIr

kti t.,- Ic 1o i I1 i . .. c. rkilt'otigh I I I

Ill fa k i dc A 11 tint Iii' -1L'ttI j'iii Ik' I ,' ll Iiii r a a d (. r I)ft') I .l't t, ,lf llI I' l l l-

til' I ,t t , I i •t fil t' I Ia• I I' nef'ii IAit% ' l't I I Il' (i. r I t. I11'It t'\ll I J a '

r .iie [ t'i i .l I In I Iitlit' -•,•ia ; .•. I( I ' i -.o it l t't't'tp4:. ittI i i ik•ý' i t 1 d11l

'It'\ i ,t" I't' Ii .al' t' :et ' t .i ltl' f'actt'at'l . I! F lilt' It;adt' r aIa)ttt e ailit 'a'i'i'tl'S iIl

In lic'I p lie i't tf, tl' i.'jI, t a'.tack ,It I it- ia.atiht'ilia I itkI- li t A I I I'll ,

tl :-•,4i - of' of tSalltilý:; I, , tVe ill \flptiltlI• S -.

9



Vt

SECTION 2

THEORY OF MOMENTUM AND ENERGY TRANSFER BY COLLISIONS

2.1 SCATTERING COLLISIONS

(a) Statement of the Problem

We consider two-body (inelastic or elastic) collisions character-

ized by an arbitrary diifferential scattering cross section. The colliding

particles Iay Ib atoms, molecules, lons, or electrons. The particles of the

first species are characterized by mass ml1, uniform numbler density n1 ,.

mean velocity VI' and temperature T1 (the particle velocity distribLtion

is Mlaxwell- IBoltzrmr, n in the frame moving at velocity- V; the particles

of the second species are characterized by 12,, n1., V2, and Tr,. In a

collision between two particles of different species moving initially at

relative speed v, each particle is scattered through an angle 0 Ilmeasured

in their center-of-mass frame, and in inelastic collisions the pair loses an.

amount of kinetic energy c due to ionization, excitation followed by radia-

tion, etc. Th'h collisions are described by a differential scattering cross

section do(v,0)/dQ in Lhe center-of- mass frane (Rcference 1) . The inter-

action potential is assumed to be spherically symmetric, so the azimuthal

angle 4, is not needed.

The scattering cross section and the inelastic energy loss E;

depend on the initial and final states of the particles. For elastic colli-

sions (Section 3) these are all ground states. Por inelastic collisions

(Appendix C) we muLst kto sun's over states.

10
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Let the colliding particles have incoming velocities v1, VO) a- d

outgoing velocities vI, v2  in the laboratory frame. (We uSC lower case

v's to denote particle velocities and capital V's to denote macroscopic

Velocities of gases.) The density of particles of the first species inl

velocity space is Mlaxwell-RIoltzimin in the frame moving at velocity V

we denote these Maxwell-Bolt:imann distribthti ons by

3/21'I"i• i3/2 [ mh( _&l-' • i

"11•-] • - exp i f > 0, :
I(2 ik-, CXI - 2k'' r

v' v ;Vl~• (2-1) :

1116 (vI- Vl i f T1 0, 7

and 1 ikew inc for the second species. lore (S is the Di.rac delta function.

We take the rate of change due to collisions of the density of

momentum of the fi rst gas to be

AF Vd 3 3III - f1 (' f_, ('v,) , _l aIM' v d v
At1

(2-2)

and that of the total kinetic energy of particles of the first species to be

4 )VY -_(Iv-vj , -) d

At = nvIdQ 1" 2

(2-3)

II w~here i1= li nii~. Thc.se quan t it. ic' de ri I " romn the colliision te~rn i n the

Boltzzman, transport equation, (v1 ) co/ ; for examiple, the first one

iS InI v times thi:F collision ternil, int.teorated over all velocities v1 .

11!
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Our terminology concerning the forms of energy of a gas follows a
scheme used by some workers in high-altitudc phenoclenology. The internal
energy of a gas is the translational kinetic energy of its particics in the
frame moving with the mean velocity V, plus the energy of rotational ex-

citation. (In this scheme. the ionization energy and the energies of
electronic and vibrational excitation must be treated separately.) This
internal energy density is denoted by 11 I he "total energy'" of a gas1 PV 2. S#:
is the sum of its internal energy plus its macroscopic kinetic energy 2 I
We assume unless otherwise noted that changes in rotational energy are

/1 2negligible, and so we refer to A Pl I - simly as the change of total
energy density of first gas.

In the integrals in Eqs. 2-2 and 2-3 the final velocity v is
a function of vl, v2 , c , and W. l'e will change the independent variables
to v 1 Y v -VI v2 , c, and 0 because -lie differential scattering cross

section is ni~lst easily expressed in of these variables.

(b) Change of Niomentum and Kine -ergy in a Collision

First we seek to e- . final particle velocity v. in

terms of the (new) inder•- • les. We denote the reduced mass of

these species by

m= n Im I +n (2-4)

1 2' (i 1 m2 )

the center-of-Illass velocity by-4.

Ilvi *v II v2V
vcm 1 + m (2-5)

1 2

and the initial relative velocity by

v v1 v (2-6)

12
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A

I:i
'Tle initial velocities are related by JA

vII"-" v + -- v "(2-7) 4Cil1 IIIi •

the final velocities, denoted by primes, have relations just like Eqs. 2-5

to 2-7.

The initial kinetic energy of the pair of particles in terms of

V and v is

1 2 1 2 1 2 1 2
- il,+ ml + -f ID2 v -(++ (2 - 7a)+ v

Conservation of momentum and conservation of energy give I
v =v (2-8)

C111 C111

and

11 v --2 C (2-9)

where c. is the loss of kinetic energy during an inelastic collision.
'.) .'. ) -

1
- - . '-

We define Av1 z \1 v1 and Av v v from above theseo

are related by

-, 1" -" : O)t•Av 1 ..... Av. (2t

The change in kinetic energy of the first particle can be written

i 2 1 2 - + 1 2
in V IIIv1  IIIV L 1 IIIm (AV )l1 1 1 V

-1 A--V------(AV . (2-l1) (V

i-jý

13
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A.

>ihe scattering angle 0 in the center-of-mass frame is defined
by thle diagram.-•.:

V

The azimuthal angle J measures the angle around the v axis. We assume

that the differential cross section is independent of 1), so we can average

Av1 and -- n ~v .2-v 12) over ,P. The component of LXv perpendicular to

v therefore averages to zero, while the parallel component averages to

V •"-* -*- _12 '

2,

(Vvv -V
I --- V

I _ cosO v ,(2-11a)

or by the conservation relation Eq. 2-9,

= <A-> V t2-12)

"1The quantity (Av)2 is independent of' and is given by

2 2 ~2
(Av) = + v - 2vv'cosO

=v2 (? 26 2, c
1V 2 1 C 0 ) (2-13)

14
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Using these in relations 2-10 and 2--11 gives the two dos ired

averages,

<\Av - 1---- coso V (2-14)

and

III -v 1 = - I 1- v 1> 11- -L- cosO

liv< 2" 1' 11 1 1 . . ..

pi - -- Cos 0.

(2-is)

(c) Evaiuation of integrals

Ilaving expressed the final velocity in terms of the initial
velocities and 0 and c, we are ready to integrate Eqs. 2-2 and 2-3.
First we express the product f I f of the velocity distributions in terms
of the ,Iriablos v and v. We define the abbreviations

1V +]]I) (V,+v) i(' 2 -T 1 ) (V1-V2 -v) 1'T2 -

if T1 > 0 or T1', > 0,

a l (V-V1 if 1' 0 and ', = 0,

1 9 2 1(2 -1 7 )

f6(v) f V(2-1)

) 5.

I 
(
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i~(V)/11, is thc0 11orm1111170ed ditr it)Lt iOil Of* relIat iv VCeVIoc it ics of pairs of

particles of dIiffierent. -pecies. Some akl)-ebra1 then shlows thlat

andl~ t~he Jaicob)i-m of the transftormati on has an ibsol ute valIue

33 3 3
so that d v di V d v d' V4

1 2 1

hi treating w,(v it is convenient to denote the macroscopic

velocity of the first gas with respect to the second by

4 . -4

V V - V (2-20)1 2

and the temperature, characterizing the distribution of relative veloci tics by

Thec Subscript III denotes a weighted mean. We also define the total scat -

terinig cross section (Reference 1)

G~ (v) f Lo~vO dR (2-22)
4 f (M

and the momcntuni- trans fer cross sect ion

q(v) = i ,CS) do,(v,O) dQ (-~

4 -n

16



Thiscros setio •s alld Q(l)Cd

This Cross sction is Called ed by McI)aniel and Mason (Reference 2,

P 158). For elastic collisions (" 0) we denote this cross section by I
(D(v); it is also known as tie diffusion cross section.

Equations 2-2 and 2-3 then become

At fJl (v\I )f2t(v)vq(v)'jv' VId v21

v!r -ý'(V l ^ -V v)) -F-ci2 •t(v] d'•Vld V
At I Ilvl'(~ 'vv~~)"•

(2-25)

The integrals over d v are done next, and arfte" some algebra on the

energy equation we have

) = - i1 1 J V2 (V)q(v)vvd v , (2-20)

fl 11 \-4(1l1 2 ) " + 2 1 (v--N f2)vq(v)d3 v:r

JL ((1T2+m2T1 )

- nl mj• LJ 2 (Vo~t~V)Vd(v•.}

A_- G l , :i.f T > 0 Or T) > 0

n11.i J -j' (------- • V m (v-.'V)f2(v)vq(v)d v

- "1  Lf± 2(%ot (v)vd 3 v

it I., = 0 and T = 0

(2..27)

17
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The last Integral ill Eq. 2-27, If,(v)ot (v)vd'v, is tile mean

frequency of scattering collisions of a particle of the first specie s. Ive

will use the closely related rate coefficient for scattering collisions (of

inelastic energy loss c),

k (T ,V) -If f (v)O (v)wVd . (2-28)

We need two other integrals, for wbl I !h wo use thc! closely related rate

coefficients s and h:

s( %I) V 1.1 vff2 ()q(v) v (2-29)

2 k (111 1 2 -,- 2 1 -• f"

Note that k and h are iII c11 /ec , ml.iie S ill in agm-cm, , scc- w i l

show in Section 2.1d that s can be interpreted as the rate coefficient for

11fleII81otlim traiist cl or coUI)Iilng, coeCff'icicut't" and h as the rate ct ,fticient

for heat transfer.

I'C do the angular integrals using spherical coordinates about the

V ax is. Integrating first over the azimiuthal ang le, we note that ill the

integral of' Eq. 2-29, the components perpendicular to V integrate to zero.

This result occurs because the particle velocity di str ibut ions of .each Species

are considered to be Maxwell-Boltznmann .in some 4'rame. We then integrate over the

cosine of the zCn it-haI angle and chaneC the rcnil ng integratiou variable to

4v (n~ 2 m' 1  31)

For brevity we elimlnnate the mean temperature T ill FavoL - t'lc related

thrml speed parameter32

ST 
2 k'l• 11



'h1C r-sul ts for tile three rate cooel 'icients ar o

I _ u4  v) ( ) •3 1 2 ) (,-V /Ue

S(111+I2,) "V3 J U jý 1  2 /

+ .0 (J dr

if T > 0 and V > 0

s , V)III

38-j 1)ult) -- U q UJ)ýSA-"d itf V- 0

0L m1 m2  ok I )

Vq(V) i f T1 o (2-33)

1 (m 1+n2 )'

( rl9 , v •3 1 2) -vu

+ (2_ . +1 2- 2 e

i ' T > 0 and V > 0
nli

h(' r v0) it V 0

II lll' (I
111 ( .LI(V)\ ii I = o (2- 34) A)

(m1~ ~~( +(V)2 + V it T

on fmdv

19
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-1

VI-\' ' 1 -

U,-VIM

c T T\') =and

•kA .I U c ot ~l ~ ) ' e.o" d t V 0 )

V'-a) VIV if "I'! o = 0(2-35) A A .

t]

Thesei rate coefl'iciconts arc. cottilluous filllCtions of T (or IU) aond V. Th1

cros secýtions neieded to evaluate the inlte.graIs (2-33) In (2- .'are
Ahowln in :ig...-1 to .1-8. The quantity co a ln be related to the cross

)t

Sectionl q by co im m,1?./(min 41) (l'q. (:-7 of' Appendix C()

(d) General Results

h11 time 'rate of chalge (1it. to Collisions of the density of

IIIOllnenturln Of the tfirst gas is.'

40

vrm 1)) .- •; , , ,-

A t 1 1 - .S ( T xr -)

and that of the total energy of' the i Il'st gas is

A( 2 \,

SV) k ('r.. -.I' .)AtI2 (i•,,,v + ' 1- "I II•+,i • . ,,'v•,

3 a

20
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T'he total cite rgy of' each gais Call it Iwarý b sill it into i t s m1C)rOscopic

kinctic vilergy and it S jtoernal eIlorg\

At -WAt(2 :

The rate of' C11,11111 of tile t1lae'oscop ic k in11ci Cic ergy of tile f-irst )!s

Att2-9

so we have for tho rato of tChangeofc' the internalIeeg dens ii ty kIue to

A~~~~1 .ln F "2 d' ~ k T -U *

crL 1) (2.o

'I'le fiirst. term oil the righit side of uq. -It],I is thle part of' thle

mac roscopi c kiiint ic enorgy' of' the ga;ses tha1.t i s Coni'ertied to 0internal vnertifv

of'(i tCti 1S1 -~.as; thits is the 1'ato of i atornal 01,F' esi t iVk lwat~i1o~. The,

seccoind termisii .1 i S te at ICtronsfer betweeii the se and tilh, thirdi tr eitIs

the cue rgy divertead TO exc itation1 and ioni1zat ion. We referi to h1 as thle

rate cod tC -a o'h~tt~IS11 n os h ate coef ic itlit for

ni10tu10ttiilil transfecr or s implIy as thle couip Ilig Coeffli cienut.

Rates for the second ga; Call be found hrom0vtwn SII r 1W byt inte-

Chian4 ing subs cripts 1 and 2. The tota'l po(Wer pc' )Ný kiit VOW1 tlti traIlI'e r red 7Ok

by col Iis ions from thle total one rig o1' bolih gases to otlet' tortms o'Oi erelp. itz

21



lotP tilt I~fl' I a idC fClsti; Iiis oiws tiet %t'Cl Iw WI)i3se! a i

lit rt'idtivi velocity (. 0 tq - grees viW lIt 'csloge's re~mlt

S CHARIE- ExCHANGE REACT IONS

(a) lntr'oductioni4

Wilt It,' e last Ic: -:al. tt'Vi II ii' is thle lutist itt11110t.1iant tiit'iIts ol t fliv
t V 1I t1%1 liilleit tiiil) anid C lie ri'),I' l lt w(Cli oI :IM a iici i rtIl Is at I Io% siptctIs. cha rgke

CX l~itoi 11-i'iitjhi't al;t d1 at I'vat ive pirt icit' Speedls abhove I0 il/ .I

tlli ; report we c olee'1tit en oill~vmei chazrge oxe ha nge, In wh I cit tilit' productt s

dft' titi' SZtitie as thle I'va'ct aiit

If' cacth r&Žet~tlitt :ii1(l 3)totlict is Ii itIts gIt riiiit St at e, t Iii s rei:lI. iO"It hats

~erO one ri'v de fec t and Is ("taII c id res.onanit (or I last I i ) ehn me. exehianvg.

Sich resimolalti reac i~u fit ckit It1V a 111e 1 ttii 3 Val recOssc iS(

UI. n ' ot IVS *- I to .1-13) a1id(1 tare :iiuuiig tu lO t Iil) tti ''ttIO t. twe.-

ailt e r' a few seconds a% ft ke r a h1i ?,Ii - a I t it. title title I en: r buiiti' It Svmiinne ri ic clia rge,

e.xChang1 1ýe is 1Much I~ 1X a scat tori jig priocess , anld we will t re:t3 i t by at miiior 7

tttI ifIcakt ion of' 1,t lie(I- scte0Crgth yo Stc' t iflit 2. 1.

Asvymmtiiit'tVi ellm 1,1t. raI Is 1*er is ;I che 1)0tlla I iCa ct i (mIt ill 001 VI r Ow

atid is I reatetld ci fe lent Iv A ,\ v eý I !icoi I! coinpulI but lc to Secct io 'm 1 2

g'il Witlit Ap'peitdl ik II, stbsect I oils (at to (ki I , 'Inti a s impt if i cd t reatiltent

is 1.ivenitltsl se ionl (e) ] lxpc r ia iitciat crot ss C tQ~ois totr Sotie itsvinl-

Iltiictieciig-ccite react ions ar it lut ted ill S'ectionl . to r coiunpari 5011 -I ~~with ith tilothers, e tit) ntot wa~nt to iiecoiite en11Mest'd i i' I in kiioos I ig witi chi
Cheiiiical react ions are, imiiport ant , t hotigt , o w have ntot eva ltiii ii ralt'

Cite I I icas Itor1 asN-1\Ilttm ri'ic cia rgeo 0' cttii n Slt ý* Ion t Ol.



(b) symme~tr ic Chorgo Lx Chall I L

Sviaaw'.t ~ ~ ~ C Ii I bk iq",c IVt;,~ 11i w'er~tel it hli; I the 1I'rlietwo 6l

ot, Sect I il No I. te*ill) I i fy thItis s. iI i ghA 1 by ass iiing tha '11 c reaicl ions,

.i ye t~orwni-i sc tv tr il g1 Iild hlive.. nw i le I ant tic I ast or. ga in of k~ ile I i c one rgv

irhot. 17., V1id': i ;,11- l i~ 'e 1 1!i)1o tiill s I l o and C 0).

SNam.' 11Lt rk 'c iargte exchanige canl he conls i dored :i1 O rd ina ry -wat ter-

bilg Collisioia hy rel abeli ng the pazrt i e Ies ttilt' 0 lie encotinIor. Ani knconi ter

that foi ii- ct rIo ill the cenIIter-0 l- issý: fralme is, back.sc~l to~ri till,

Inl Allis a ti-I~elote "to deri pt ionl. Ihle e t'Ie i vi'mmnu vn ercr

.sectio in 00h is a1 ternate descript ion, oienoted by -,nl asterIskI, ijs g ivon It\

_'..2S and %' ~.! ils 03 Mb ' and i

This p0 i it e I aI'orat 0 d ill Ri' Ee reilc *Sect i on S¼-A iveil '(V )on

Call tve th is, relalt ion inl l~qs . 2-3.3 a11d 2- i. to gko It acoup 1IiII1 itO cdi i et.

andi heatI - I i'31is ieo I, Coe i (.I i en IhIt due t oi Sylmiti 16 Ci ccha Vitt k! XChan.e111

those nti1s t he addedl t o Ihlk cotlp I i nig Coo( f i et Sand hen t - I ranls IX' 1'

col.f i ic C eaot 1 4.111 to FCat 101,inlig Co IIi ,i onls (.ee Fij . 2.18

2.3 kELAHlON 10 1 iii: LQUKI IONS OF~ 17LUIU DYNAMICS

(a) Momen tumi Bala1nitce C (ta t i ons

ht ' ZIOV h lt!-v ho0W on rto ItS1W 1,0 1, :1 cs 1I.Ierin Id vme ri

dli r.ýC cxc hantle ye I at.o It, I he o en Illt andiene" b a :11nc eq~ua tions- ol a two-

fClid t (reatluenk~t hh Inc "Itit C sa fin~i nol ~o~s ikik'redk heic t. 1 liiki.iAtt er

I c o 1 1owi iat' noc :1(I.ivbi s whenl lie tiwo-fC lii i oqita tion:;ý art, :I (ooio :ipproxi -

ma I Oi(l, iie 1IiSl IC SCat Iel'ilit:' iS k ~ill iI)OV. ;Qlit e.XCept Itoe thet enerev'Q rIInMStfi lbe-

tweenl elect ronls and the Vibrat ioia I c~x(ii tat imn of N mlcils

Thlt Ilktit ral tU Iiiid, indik-mo d by siilb:;crip 1 1 i:; Isc0mp10Osd tit

.:1



similarly the ions are composed of singly charged species Xk, k = 1 .....

so that

Ii= (x- ) (2-45)
k k

We assum- that all neutral species have the same temperature T and gas

velocity V and all ions have the same temperature T'. and velocity

V.. The electrons have density n = ni, temperature T and velocityI e e)

V : V. cJ/en. (2-46)
e 1

For each pair of a neutral species j and an ion species k,

Eq. 2-21 defines a weighted mean temperature

T1 _ ( n) (2-47)

If either species is an electron the weighted temperature is simply

rm e

"lhe rate of momentum transfer due to ion-neutral collisions is

a sum of terms of the form of the right side of Eq. 2-36. For each pair

of a neutral species j and an ion species k, Eq. 2-33 defines a coupling

coefficient s k('k, n- ) due to scattering. The ion-neutral coupling

coefficient s n is given by

Iisn : n(x )n(Xk)Sn(TV -\ il)
nniSni j k

+ n(Xk)n(Xk)sk((T +±T/2,V -Vil) , (2-48)
k n

where the sk are coupling coefficients uuc to symmetric charge exchange

of ions of species k with their parent aton' or molecules (Section 2.2b).

24



Simi larly the electron-neutral coLIpiling coefficient S is

1 I n(x )sj e('re, -7e 1 (2-49)

where we have assumed that the neutral temperature is small conmpared to

(Im /H)Te. The ion-electron coupling coefficient is

niSi 1 E (X +)s eicJ/eni); (2-.")l ie k ke eCk

s. and s are closely related to the electrical resistivity (Eq. 5-22).

The momentum balance equations for the neutral fluid, for the ion-

electron plasma, and for the electrons can be written as (see Glossary of

Symbols in Appendix A)

+t Vn ) - V1 n 1 - nnnisni (Vn-Vi) - fnneSne (Vn Ve) '

(2-51)

a(p iV .)at p V"(iii-.) = - V(l.i+-P) + I x,+ (p.+p e)g

-4. -

+ n n.s .(V -V.) + nnnee V (2-nS.)n1 ni n 11 e le 1

0 _VP) ell V V e + n n s (V -V ) + n nVe 2 5 ):
c c - n e ne 11 e " e e

We have ignored viscosity and electron inertia. One can eliminate V i(ll3

terms of V. and J by Eq. 2-46.

(b) Energy Balance Equations

For the energy balance equations, Eq. 2-34 defines a heat-transfer

coefficient hjk(Tjk, IV n-Vi1) for each pair of a n;utral species j and
an ion species k. The ion-neutral, electron-neutral, and ion--electron heat-

transfer coefficients h ni, h , and hie are defined as in Eqs. 2-48 to 2-50.
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Trhe energy balance equations also include frictional or resistive

heating, which is the sun over all paý. 2., of species of the First term on

the right side of Eq. 2-40. For each pair of species the rate at which

collisions,, between species I and 2 convert their total macroscopic kinetic
2

enegy nt ineral nery s n1 1 2 s UT, V) V , and each species receives a
fraction of this that is inversely proportional. to its particle mass. 'Fhe

n 1.
frcind0T )o he enegyalnceequtatin lonld frictional haigttgoes reintointernal-

energy of neutrals is given by

-. 9

Sreallono ti that indkspeifvrey neurolpondiona species, rep ecti velyas. The
correspond(ing ofratheion -nurl itoa etn that goes t osi o a ntmospei ionsenl

nnnisnid (1)--•• n(Xj k )n(Xk _m~k s.k (T.k IVn'Vi I) 4-$

+ Yn(Y. )n(Xk) s• T. + T"i,IV' -V'il ; 2Sa
k

recall that j and k specify neu~tral and ion species, respectively, Thie

corresponding fraction that goes to ions i~s 1 d d(ni. For atmospheric ions
ni

and neutrals considered in Sections 3 to 5 this fraction is in the range

0.3 < d(n). < 0.7. We also define a "fractional coupling coefficient" for

electrounineutral collisions d(n) by
ne

m

d(n) - n(e( (eCre -V - i (2-S4)en ne ne .j . ie n

and simi arly for dMi). The fractions d and die are of the order ofSic 
lie1c

the electron mass divided by the mean mass of neutrals or ions (see F(qs. 2-63

and 2-65).

With the collisional terms expressed by means of Eq. 2-40 with

] = 0, the energy balance equations for the neutral fluid, for the ions,

and for the electrons are

!I •~~~(P, I )']V - .•I * '( In) - - p V V + n n.s .d; -' -V 2

"n ffn n n i ni nil n 1

nns V e(Vn-V) 2+ nn.nhi.k(T.-T) + nnih k(T-Tn) '

no ene lie 1ie ni1flI 1 11 n1onle c1
:1 (2-55)
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II

+P VV -* - x~ ~at(CI V~''ee + IIeV n nn ( l.V -V)

+(V.n-dV -) 1n 1 k( -r 11 nl: h. k(T.r )
i e1 e nen een i Ii iiel 1c i e

(2-56)

maintat V. V h edan thr term on th rih sid ofti
equation~~~~~ ~~~~ nr th aeo eitv etn ,wee niste n eletia

4. 4 2
viraioa tepetr 1 , (V . 2-n7nshol als incud hea + 1 T 'ranfrpo

coeffiients Ou nu erica resut in Sectioen 5 ar frte s eilcs
portonalto k 2kT.(2-58)

2 n eI n
equati 2kT are th and ofrsimtiarl foratheg Tiou- hee T i teelectronveoctyalo

req.tiit 2-q 5-22) t ha-rnFer coffcienrbrt smltos becomeud al
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".,,1hn fe n E.(Xo.).,, e /M. (2-6o0)•

n~h. n(Xk)3Skd/mk (2-61)
k

Electron-neutral scattering is important mainly at altitudes below 150 kin,

where the neutrals are primarily N2. From Eqs. 2-60, 2-49, and 2-54 one

f i nds

h 3 s /re(N2, (2-62) '

lne ne 2

d i) /in(N2) = 2.0 x 10-5 (2-63)ne e 2

Similarly if most ions have a mass near that of 0, one finds from Eqs. 2-61

and 2-50

. 3 s im(O+) , (2-64)
hie i

d()•m /m(O) 3.4 x 10- (2-65)
oe e

Under the above assumptions the ion-neutral fractional coupling coefficient

defined in Eq. 2-53a can be approximated as

d(n) 0.4 (2-66)
rd

accurate to ±20 percent.
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SECTION 3

SCATTERING CROSS SECTIONS FOR ATMOSPHERIC SPECIES

To use the preceding theory in two-fluid simulations of high-

altitude nuclear explosions, one needs ,nomentum-transfer cross sections for

scattering collisions as a function of relative speed or of energy. One

needs to consider ion-neutral, electron-neutral, and electron-ion scattering

for principal atmospheric species. Also one needs charge-exchange cross ir

sections, which will be presented in Section 4.

+ + + +
We consider the species N, 0, N 0 NO, lie, N 0 N 0

22 2)2 P 2NO+, Hle+, and electrons. We concentrate on elastic collisions (c = 0) in

the energy range from 0.005 eV to roughly 30 eV for electrons or tens of

keV for ion-neutral collisions. At higher energies, inelastic collisions 7.

dominate; ion-neutral inelastic collisions are considered in Appendix C.

We consider electron-neutral scattering using experimental data, electron-

ion scattering using theory, and ion-neutral scattering using mainly theory

or semi-empirical methods.

3.1 ELECTRON-NEUTRAL SCATTERING BELOW 100 eV

For scattering of electrons from N, 0, N?, 0,, and NO, we have

used the momentum-transfer cross sections recommended by Phelps (Reference 4).

For the molecules his cross sections extend over electron energies from

0.005 to 100 cV. lie tabulates the frequency of momentum-transfer collisions
3per unit density of molecules (cm /sec); we have divided by the electron

speed to obtain a cross section. Figs. 4-2 to .1-4 show these cross sections

29



The cross sections come from various types of experiments. The

e + N2  cross section comes from an analysis of dc swarm experiments, and 4
Phelps estimates ±20 percent accuracy or better. 'lle e + NO cross section

is based on an analysis of dc mobility data and, for energies below 0.02 CV,

on theory for a polar molecule; the accuracy is a factor two. T7he e + 0
2

cross section below 0. 1 eV is from microwave measurements and is considered

accurate only to order of magnitude; at higher energies it is from beam

and swarm experiments and is good generally to ±20 percent. The c + N and

e + 0 cross sections are order-of-magnitude estimates based on total scatter-

ing cross sections from electron beanm experiments; these cover a more re-

stricted range of electron energy.

For e + lie scattering we have used the momentum-transfer cross

section recommended by Itikawa (Reference 5), which covers electron energies

from 0.01 to 10 eV. 'Thiis is based on dc swarm experiments and should be

accuratc to better than 20 percent (Refcrcn,:c 6). This is plotted in Fig. 4-1.

3.2 ELECTRON-ION ELASTIC SCATTERING

We consider electron-ion collisions at low energies, where in-

elastic processes are not yet important. For electron energies tup to 10 eV,

we need consider only elastic (coulomb) scattering. For a coulomb force

between a singly-charged ion and an electron we use the Rutherford differ-

ential scattering cross section (Reference 1)

4
do J
-~(v,) = e 4 (3-1)

41u2v sin (0/2)

For e + NO at 20 eV energy we use 2.95 x 10 cm /sec instead
of Phelps' tabulated value.
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The reduced mass is I.t ie, but we have not used this in order to retain

the strong advantage of having the results symmetric between ions and

electrons. In the Debye approximation the force is assumed zero beyond

one Debye shielding length X because the ion charge is shielded by freeI)
electrons.

'llie minimum center-of-mass scattering angle is then (Reference 7,

Eqs. 8-34. 8-35)

0 = maximlu, (D222 h/21t) (3-2)

which gives a finite momentum-transfer cross section (from Eq. 2-23), 4

4(v) = 4--e 2 '-3)
24 0

'llie weak v-dependence of .n(2/0n) is ignored by substituting in Eq. 3-2

a typical relative speed,

3k'l 3kT.
V= I

where T and T1. are the electron and ion temperatures and V is thee 1 •
ion-electron macroscopic relative speed, given by Eq. 3-10. We abbreviate

the coefficient in the cross section by

2
A oý 4 1 21. (3-5)

2 ~

8.06 x 1017 kn(2/0 ) cm6/sec4

The factor ,n(2/0I) depends weakly on n T, and V and is plotted for

V 0 in Reference 7, Figure 8-6. In Section 5 we use hn(2/0m) = 12.
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I.

This Debye analysis is valid only when a sphere of radius equal

to the Debye shielding length contains a statistically large number of

electrons (Reference 7, Eq. 8-18).

The coupling coefficient S ie(T ,V) and heat-transfer coefficient

hie (- ,V) due to elastic scattering of electrons on ions are calculated by

integration from Eqs. 2-33 and 2-34. 'rhe integrands involved have removable

singularities at . = 0 and can be integrated by parts . 'he results canl

be expressed in terms of the error function,

x2A

arf,(x) = (2 f et dt (3-6)

0

'lie results are

Sm A W I V /U if v > 0

(mi+me) V3 le.t11 V F

IC Ill III 11
4 mie A if V= 0

(3-7)

n.m In2 2
h citV i e A ~V /D (-8

hi (rIIIV) = -- e (3-8)•-•
1W (mi+m )2 U3-

where we have again eliminated the mean temperature T in favor of the

related thermal speed parameter (Eq. 2-32)

2kT 2kT.
U =+. (3-9)

In In
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Usually tile ion temperature is small compared to (mi mi 1 'e so

U ý-(2kT0 /III M e ion-electron relative velocity is related to the

curront. density by

V V. V cJe

The ratcs of change due to ionl-electronl collisions of tile momentuml

and internal energy densities of the ion,; are given by EqIs. 2-36 and 2-110,

11 -.. (3-11
6t___ - ll ni (V. i-V ) e s(TI'~ I C 3-1

A (p I. "le
At e Iln. +m) li012 i I~i"

+ k (T rT~iUItl$..$) (3-12)

The rates for electrons are found by interchanging su~bscrijts i and c.

InI the static case (V -(,=t) , the second term on the right

side of Eq. 3-12 is the rate of ion-electron beat transfer; when Eq. 3i-8

with 3-5 and 3-9 is substituted this tcrm agrees with thle long-known forml

(Reference 7, Eq. 9-60; Reference 8, Eqs. 5-30, 5-3,1).

The first term onl the right side of Eqj. 3-12 .is aliso familiar.

In the relation for electron temperature change, which is found from Eq.

3-12 by interchianging subscripts i anld e., this termi can be considtered

ini the ol. 'e~ a fUl ly i Onl zed p~.1 asma with equal temperatures as thle.

elect'oin-lon resistive heating YjJ-. If V << U so that EqI. 3-71) canl be

substitutedi, this electron- ion resistilvi ty agrees with the resistivity
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11 in a weak electric field and a strong perpendiculatr magnetic field,

givoin by Spitzer (Reference 8, Eq. 5-42) and Longmire (1efeorelte 7, Eq.

The electroin-ion cotipling coefficient of Eq. 3-7 is essentially

independent of ion mass. It L:an be identified with the above electron-

ion resistivity by

s ie(' '0,) (C/c) 2  i (3-13)

and has a temperature dependence of T - 1 For relative i3on-electron

speeds V << U1 the heat-transfer coefficieiit h. var'ics as -3/ ,

At higher -peeds both s, and h11 decreasO; the fLnct ion in11 T'rble 3- I

is useful here.

We have checked one other special case. For a beam of ions imping-

ing on stationary electrons (Ti, 0 and Vu 0) , Fq. 2-38 with substitutions
-. ),3-11, 3-12 , 3 .-7a , m id .5-8 ag re ec ; w ith Re ference 7 , E iq . 9 - t- -.

Table 3-1. The function f(x) erf(x) - (2/1€)xe x

x s .. ...al 1 0.2 0.4 0. 0.8 1. 0

f(x) (4/3/,)x3 0.00586 0.0438 0.132 0.266 0.428 t;l

x 1.2 1.4 1.6 1.8 2.0 2.5

ff(x) 0.590 0.730 0.837 0.910 0.954 0.994
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3.3 ION-NEUTRAL AND) NEUtRAL-NEUTRAL ELASTIC SCATTERING

(a) Low-Energy Limit -- the Polarization F~orce

We cons(ider e lasti c coil isions of singly' charged ions with atomls

O'nnolr 11111111 ioleciules at low enlergies, he low albo~lt 0. 1 OV ill thle center-of'-

mass frame. The dominant long- range force between these particles is tile

attractive force between the oiLO1c charge +0 (or -c) and the electric dipole

moment induced by it in thle moleculce. As long as the separation r between
8s -A

tile ion and molecule exceeds 5) 10 e(m, their1 potent ial energy is that

tite to this polarization~ force,

2r'4

where a is the polar izab ility of tile molecule.

We use a classical theory of this interav:tion, for thle errors

caused by at classical treatment seemi to be mil d (Refelrence 9) . The

momentnmn- transfer cross sect ionl is vivenl by (Ref. erolice 2,Eq. S-7 -48

Reference 11, pp. 157-1'158)

qD(v) 2. 110 ITC (:3i-lI
I'l;, 7w a

This is the polariz~abili ty limit of' the classical Langovin theory (Re ferencee

12) . lablIeS- gives the po I ari.i zb iiit i s of' somec atmUospher ic gesanld

Fi ures 4- 1 to 4-8 show the re Iated cross sect ions.

The Coupli ng coeff ici ent. V ) and ht-tan i'Coeffi cie(nt

1i 0. V) for e kIstic. scittering of' ions onl moleculles by' thle polari zim ion
.1k V

force are known to be independent of teInpe ratUre Whenl thle g'ases '11e statiC-



Table 3-2. Angle-averaged di pole polarizability and electric dilpole and
quadrupole moments of some atmospheric atoms and molecules in
their ground states (Reference 2, Appendix II).

Neura I~1 tit-zab i1 ity Di pol e Quadrupole

Neutra moment, inoflO1ent,
I Molecule

o -24 cm...3 _!0. 18 statcoul-CmII 10-"26 statcoul-cm2

lie 0.205 0 0

N 1.13 0 0

0 0.77 0 0 I

N2  1.76 0 -1 .52

0,, '1.60 0 -0.39 I
NO 1.70 0153 -I.8

(V - 0; this result remains true when the g ases are moving. Fron Eiqs.. 2-33

and 2- 3-1 tile rate coeffticients become A

S. 2. 2 0-

l 3-3, list. Values 'I these rate eouf, i ( i:ants for various imol-uioiŽcu

pai Cs

The NO mol01ecu cled ha- smald 11 111t c e11 c Q @11'ic C d 11)011 I0)iont (se

hLIblQ 3i-2),Ii n ijis I iiip o iie mmet is esset! ial to e t NO scat tern g at low

0or" as nlot cd in Section 3.1. Form scat teri'ing of an atomic ionl from No.

tahLe 1 0 I i lis011t 1 lesumab I\' Cath es a oo'iw- range force Whro s ei on-cut ale V.aies

pa i •36



Table 3-3. CoupI inq -ocfficient and heat-transfer coefficievit due to
polarization force for various atmospheric ion-neutral pairs.
These are calculated from Equations 3-16 and 3-17.

Coltp] i q flea t- trails for

Ion and coefficient, S, cSofficienthk
iot'al I0- gm-CM3/sec I102 c3n3/ sec

S.. . . ... . -. ... .. .-- i . . . .... .. . ... . . .. . . . . • . ... . . . . .................

N .4 N 1.21 7.80

Of + N 1.25 7,52

N + N 1.40 6Q00

NO 4 N i5 UP

N 0 1.03 6.20

0' + 0 1.07 6.02

40 + 0 1.23 4.63

NO4 ' 0 1.22 '.,'

N4 N2 1.74 7.49

O N2  1.82 7.47

2 N2 2.13 6A.438

NO Q N2  2.17 6.76

N + 09 1.70 6.66

0+O+ 4 02 1,7,0 6.6 01•

NO' + 0 2.14 6.23

01 02 2.17 6.14

N4  NO I, 3 .11.10"

N NO j1. 1 7.11'A
.4,

NO NO 2,17" 6.53d

14e' i hi 0.2/ 0 6,21

Less accurate:. bWdcuse of tho int.rinsic dipole momwnl of NO. See tet.

.3/



with separation like r-2" this potential-energy term also depends on the

orientation of the NO molecule. For the polar gas CO, however, measure-

ments of the mobility of alkali ions in CO unexpectedly agree with the

prediction based on the polarization force (Reference 13; Reference 10,

Section 9-9-F). This agreement may be because the dipole moment of CO

is very small (0.11 x 10 statcoul-cm) or because the r potential

energy vanishes when averaged over all orientations (Reference 10, p.446).

We will therefore use the polarization-force cross section arid rate coeffi-

cients for NO, as shown in Figure 4-8 and Table 3-3. We similarly ignore

the electric-quadrupole interaction potential (which varies as r )3

between an ion and an N. or 02 molecule.

(b) Scattering Below 20 eV

We consider elastic atom-atom or ion-molecule collisions for

center-of-mass kinetic energies below 20 eV. For atmospheric species this
6implies a relative speed less than 2 x 10 cm/sec and a distance of closest

-8
approach of about 1 x 10 cm or more.

For two atoms or nonpolar molecules, the interaction potentialI -6
energy 4(r) has an attractive r dependence at long range (tile London
dispersion or induced-dipole-induced-dipole interaction) and a repulsive,

approximately exponential dependence on r at short range. We use the

Lennard-Jones (12-6) potential, tile r- 1 2 term being a convenient power-law

approximation to the short-range repulsion. For an ion and an atom or non-
-.4polar molecule, the dominant long-range interaction is the attractive r

polarization potential considered earlier; for this case we use a (12-4) or

(12-6-4) potential. We express the potential energy in terms of the depth

Sof its minimum, the separation rm at which this minimunm energy -E:

occcirs, and a dimensionless parameter y measuring the relative strength

of thle r anid r energies:

iii -r )(1- r1 n_ I3 1 )
¢(r) } £L(i+()\---! ) - .(. 4-y
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The case of I = 1 is the Lennard-Jones (12-6) potential, and that of

y - 0 is the (12-4) potential.

Table 3-4 shows the assumed fornm and the parameters of the

potential for several pairs of atmospheric species. We have excluded ions

in their parent gases because, at room temperature and above, charge

exchange dominates; a classical calculation would be dubious and the re-

sulting elastic momentum transfer negligible at energies above 0.03 eV.

For ion-neutral interactions we choose one parameter by requiring that 4
3 -4the r term of 1"q. 3-18 match the polarization potential, Eq. 3-14;

for exantple, for N + 0 we use the polarizability a of 0 to calcu-

late y by

2
4

For the bottom three pairs in Table 3-4, Mason (Reference 14)

has estimated ion mobilities for the temperature range 0 < kT < 0.22 eV.
2

The mobility K (cm /statvolt-sec) at standard density of a species of0 0
singly-charged ions in a weak electric field is related to our coupling

coefficient S for static gases (V 0 0) by (Reference 12, Section 5)
5k

k(TIO) ( (3-20)-jk(W0 k K•'~) oo(T) ,

0 0

19 3
where n = 2.69 x 10 molecuies/cm5 is the density of neutrals at standard

0 0

conditions (O°C and 1 atm). For the last three systems in Table 3-4 Mason

used the mobility of the 1-1 + 11, or NO+ + N2 system as a model and

scaled it. An equivalent procedure, which we adopted, is to assume that
the potential energy of the system is given by Eq. 3-18 with F and y i

being the same as for Mae-on's model system and r being determined from

Eq. 3-19 and the polarizability ce of the actual system. Tlhus, for these

39
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Table 3-4. Characteristics of potential energy functions of pairs of
atmospheric species for separations greater than lX10- 8 cm. 4

rm
Colliding Nature of Form c -8

pair interactiona of P(r) eV 10-8 cm _yi

N + N val. 12-6 9 . 8 4 c I. 1 0 5C .4

N + 0 val. 12-6 6.64c 1 .1,5c

0 + 0 val. 12-6 5.22' 1.22

He + He rep. 12-6 0.00088f 2.9f

N2 + N2  rep. 12-6 0 . 0 0 7 4g 4.29

+ 02 rep. 12-6 0 . 0 0 8 6 g 3 . 9 g

N+ + 0 val. 12-6-4 4.57c 1. 2 3 c 0 . 6 5e

0 + N val. 12-6-4 1 0. 9 7c 1.06c 61e

N + N2  val. 12-6-4 2 7bd 1 . 8 3e 0.72

0+ 02 val.b 12-6-4 2 7 bd 1 . 7 9e 0. 7 2bd

0 + 0 rep.b 12 -4(?)b 0. 1 1b 2.41e

O0 32c _"_ _

a rep. = short-range repulsive force

val. = short-range attractive valence force
b Mason, 1970 (Reference 14)

C Gilmore, 1972 (Reference 15)

d Mason and Vanderslice, 1959 (Reference 16)

e Calculated from Eq. 3-19 by using the polarizability of the neutral

species in Table 3-2 together with F and r. (ory) from this table.
For the (12-4) potential, y is zero. m

f Hirschfelder, et al., 1964 (Ref. 20). Kestin and Leidenfrost (Ref. 21)

give r = 2.48 x I10- cm and a larger energy, F- 0.0060 eV.

Hilsenrath, et al, 1955 (Reference 22)
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systems our coupling coefficient Sk ('r ,V) corresponds exactly to Mason's f
jkm

mobility but extends to higher temperature and to nonzero relative gas vel-

ocity V= n

For 02 + 0, Mason made an educated guess that the short-range

force is repulsive. The dissociation energy given by Gilmore (Refererce 15), 4

0 0 + 0 - 0.32 eV, Supports this assumption. Mason also estimated3 2
the mobility of NO+ + 0 based on a short-range repulsive force, but this

assumption appears wrong in view of Gilmore's dissociation energy, I
N02 ÷ - NO+ + 0 - 2.60 eV.

The momentum-transfer cross section for a (12-6-4) potential has

been tabulated in the dimensionless form q2(v)/'r as a function ofI

1 2-- 2/IV / and the parameter y (References 17, 10). Figures 4-2 to 4-S

show plots of the cross sections % that are found by interpolation from

this table. In Section 5 the rate coefficients s.k(T ,V) and hk(TI ,V)

for elastic scattering are found by integration from Eqs. 2-33 and 2-34;

they are plotted in Figures 5-1 and 5-3. An alternate method, which we used

as a check, is to find s(T ,0) by interpolation from the tabulated collision

integral 2(1,1)T) in Reference 17 together with the relation (see Refer-

ence 2, p.139)

/28 m k'l\/•,

Sk ('r,0) = - - • '1)(T)3. (3-21)

For 02 + 0, for which the nature of the interaction is less

certain, the estimated uncertainty in s (or Ko) is a factor of two

(Reference 14) for temperatures up to 0.22 eV and an order of magnitude

at high temperatures. For N+ + N and 0+ * 0 we feel that the un-
2 2

certainty should be a factor of two over the whole temperature range, and

for the first five systems in Table 3-4 we estimate ±30% uncertainty.
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(c) Scattering from 50 to 30000 eV

in ion-atom encounters at center-of-mass energies above 200 eV

elastic scattering is exceeded by charge exchange (see Figures 4-1 to 4-8).

These charge-exchange encounters cause very little momentum transfer between

the fast particles and the slow ones. The slowing down of the fast particles

is most likeiy brought about by atom-atom scattering. We have therefore con-

centrated on atom-atom scattering rather than ion-atom scattering in this

energy range.

We use a two-atom Thomas-Fermi interaction potential with a scaling

rule for unlike atoms (Reference 19). 'lTe range of validity of the treatment

is restricted at the lower end to energies much greater than molecular binding

energies, say center-of-mass kinetic energies above 50 eV. At the upper end

inelastic scattering involving excitation and ionization overtakes elastic
8

scattering at a speed around 10 cm/sec (see Appendix C and Figure 4-6).

The colliding pair is described simply by the atomic numbers Z

and Z2. The scales for distance and energy are

- )a (3- 22 ) ;:92 /3)46 •1+ 2 2/3 c,

SeFZZ/X (3-23)

o 123

= 0.0307 111 keV.
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'The scaled center-of-mass kinetic energy of the colliding particles is -j
denoted by

1 2(3-24)

and the momentum-transfer cross section is given in the dimensionless form

1: (W) in Table 3-5, which is taken from Table 2 of Reference 19:

(q1 (V) = X-I:(W) (3-25)

At intermediate energies we use log-log interpolation in the table, and at

the high-energy end we extrapolate by

t:(W) = o.066(lO/W)3/2 if IV > 10. (3-26)

These cross sections for il + I1, N + N, 0 + 0, and N + 0 areSe
shown in Figures 4-1, 4-2, 4-3, and 4-5, respectively; these are believed

to be accurate to better than a factor 2 (Reference 19). For atom-molecule

collisions such as 0 + 0 we have simply added the appropriate atom-atom
2

scattering cross sections (Figures 4-6 to 4-8).

Collisions of singly charged ions with atoms are more complicated

than atoni-atom collisions because one should take into account charge

exchange. This is not done in the classical scattering calculation used

here for atom-atom cross sections. For a rough estimate one might take

the ion-neutral scattering cross section to equal the corresponding neutral-

neutral one; we do this in Section 5 in extending the rate coefficients

Sk and h to temperatures above 50 eV.
Sjk ad jk

Table 3-5. The function F(W) = qD(v)/A 2 (Reference 19, Table 2).

W F(W) _.WF(W -

0.005 110, 0.3 5.28
0.010 70. 1 1,46
0.025 37. 3. 0.367
0.05 22.6 10. 0.066 312
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SECTION 4 A

CHARGE-EXCHANGE CROSS SECTIONS FOR ATMOSPHERIC SPECIES

1.1 INTRODUCTION

We consider symnmetric charge exchange of six positive ions:

He + lie iHe + lie+ (4-1)

N + N N + ,N (4-2)

0+ + •:

O + 0 ÷0 + 0 , (4-3)

N2 + ) N N + N2 (4-4)
2 2 2

NO4* + NO NO+ NO4. , (4-5)

0 + 0 -0 0+46*2 2 2 02  , (4-6)

and eight asymmetric charge-exchange reactions:

+ O*+•

N + 0 +N 0 + 0.92 eV , (4-7)

+ +

N + N + N +N - .,OS eV , (4-8)
2 -

+ + :

N + N *N2 + N + l.O5 eV , (4-9)

0 + 02 0 + 02 + 1.56 eV , (4-10)
44
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71

0÷ 21 + 0 - 0 + 0 2 4. 4.88eV ,(4-11)V
÷ 2O2

+ + 0
02 + 0 02 + 0 1.56 eV (4-.12)

N+ + NO- N + NO + 5. 27 eV (4-13)

0(S + NO -0 + NO" + 4.35 eV (4-14)

0 ÷D) + NO ÷0 + NO+ + 7.68 eV (4-15)
+ +:

N U -+ N + U + 8.4 eV (4-16)

0 + U 0-O + U * 7.5 cV (4-17)

For three other asynmmetric reactions we have scarched the literature but

found no reliable cross section:

0 + N-• 0 + N- 0.92 eV , (4-18)

NO++ N NO + N - 5.27eV , (4-19) P.

NO + 0 ÷ NO + 0 4.35 eV (4-20)

Ground-state reactants are emphasized; information on the states of the re-

actants is included where available. The products of the asymmetric re-

actions are likely to be excited, and all states are included. The energy

excesses shown are only limits because they are calculated by assuming that

the products as well as the reactants are in their ground states.

We have searched the literature through November 1974 for measured

cross sections. Whet., exI , imental data is a:'ailabi e we have relied on it

rather than on theoret i cal ca Icu 1 at ions.
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I.

Tables 4-1a to 4-1k list tile studies selected. The first columnil

includes the name of the filrst author and the publication date. The second

column gives tile exp~eri mental t echniquc and the part ic ie detect ion method,

whore important, as follows:

FA flowing afterglow

SA stationary afterglow

DT drift tube

FIT flowing-afterg low drift tube

ICR ion cyclotron resonance

I IPMS high-pressure mass spectrometer ion source, operated

in the many-collision pressure regime

B beam in gas cell, Operated ill Lhe sin....... 1 i-"

pressure regime

FEq beam in gas cell, equilibrium method, fast-particle

detection

CB crossed beams

M13 merging beams, including magnetic analysis of p)roducts

f detection of fast particles

s detection of slow particles. If the energy of the

primary ions in a lboam experiment exceeds 10 eV,

the slow product ions include many that are prodticed

by ion-iml)act ionization. Also, if the energy of the

primary ions is very low, the slow ions include

elastically scattered primary ions.

Ill product ions analyzed by a mass spectrometer

i reactants isotopically labeled.

Another column gives the range of ion energy for which a cross section is

measured. If the author used center-of-mass energy Ec= (m mI,/(ml+1-1 2))v,/2,

thi~s range is ,iven in brackets. MWherea temperature range is given, the

measured quantity is indicated under Remarks; it is either the ioo mobility :t

A!
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=-w

(see Eq. 3-20) in the case of ions inl their parent gas or the rate coef-

ficient in the case of asyim.etric charge exchange.

4.2 SYMMETRIC CHARGE EXCHANGE

lie + lie -) Ile + lIe We selected the investi gat iols ill Tablet

4-la. Reference 26 is a study of 3 lie + lie 0 3 1Ie + 4 110i, which is not

stri ctly symmetric, but the difference between tile ionization energies of
34lie and 41k" is assuIled to I)e 1.oo s!511 to atf'fect the resonance character of

the charge exchange. Referencecs 28 to 40 agree well and provide a cross

suct, ion down to ion energy 4 eV, which is shown in Figure 4-1. For con-

venience Figures -1-1 to 4-8 are placed together at the end of Section 4,

lilmmedilcLi' p)crcedeu by tile notes on the5c tigres..

For 1.1 x 10)< v < 2.3 x 105 cml/soc we use the Mobility

mnea0sureenlnts of Reference 25 together with Eqs. 3-20, 2-33b, and 2-43 to

obtain an empirical power-law fit to* c1)(V) + 20x(v):

-16 2 (-15 × 0 i/e)0.56
(.1(v) + 2 u (v) = 92 x 10 cm, (v/I. 58 1 /00

(4-2 1)

At these low energies there is no experimental data on how to seplrate

this into qI (V) and o( (v) individually; we separate them arbitrarily

by taking the elastic scattering q1 )(v) to be given by its polarization

limit, E-q. 3-15. For ion energeOs below 1 eV this charge-exchange cross

section Ox (v) is dotted in Figure 4-1 as a reminder that it. was chosen

meel to ak te otl q () 2o~(v ,cos . tet it masreens

St~rictly onle obtains a fit to the quant ity

xx

(I)(v) - (1 +cosO) • ,

which is the 9(I) of Reterenco 2, Eq. 5-7-1.
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Table 4-1a. Studies of the cross section for He + He He + He+.

A

Reference Technique Ion Energies Remarks

23 (Heiche, 1970) theory 12-10 <E 4V]

24 (Dickinson, 1968) theory [OO0 3 7 <Ec <O1 3 eV-

25 (Orient, 1967) DT [l90°<T<650°K1 Ion Mobility

26 (Smith, 1974) ICR,i [O.l<Ecm< 2 0 eV] Used 3 He++ 411e

27 (Mahadevan, 1968) B,s 1 to 75 eV

28 (Cramer, 1957) B,s 4 to 400 eV

29 (Belyaev, 1968) ME [7 <ECIO <00 eV]]

30 (Hayden, 1964) Bs 50 to 1000 eV

31 (Ghosh, 1957) B's 100 to 800 eV

32 (Nagy, 1969) B,' 400 to 2000 eV %,•

33 (Shelton, 1971) Bs 2 to 20 keV

34 (Stedeford, 1955) B,s 2 to 40 keV

35 (Barnett, 1958) Eq 8 to 200 keV

36 (DeHeer, 1966) B,s 10 to 140 keV

37 (Fedorenko, 1956) Bs 13 to 180 keV

38 (Jones, 1959) B,f,m 25 to 100 keV

39 (Allison, 1956) B,f 100 to 450 keV

40 (Nikolaev, 1961) B,f,m 320 to 1300 keV
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N + N -• N + N: + We use the only known woiasurement (Reference 29.)

and extrapolate in both directions by following the shape of the Rapp and

Francis theoretical curve (Reference 41). See 'lab 1le 4-11) and Ii gure 4-2.

Above 30 key ion energy we estimate the cross section from measurements I)y

Fite's group on the charge exchange of N + ON) and 0 *0, (Reference 71)

and of 0 + O (reforonce 44); at a given speed our estimate is

o (0 +O)
0 (N÷+N) a (N4 +N2) X (4-22)

x x 2 + (-o (0 +O,
X

Table 4-lb. Studies of the cross section for N + N N +,N

Reference Te-hni qi,-. Energy n .. ,,

29 (B3elyaev, 1968) MB 7 E < 100 eV

41 (Rapp, 1962) Theiry 0.005 < E < 35000 eV

C111

0 0 + 0 + 0 The agrleemen0l' t 3am1ong1, the Illeasurementes inl Table

.,.lic is very good, avid the result is shown in FIilgore .1-3. We have again

extral)oa; te d down to 0.3 eV ion energby Il t0owlin1U) the s;hape of the

theoretical cross section of Reference .1.1

Oxygen atoms formed by thermal dissociarion of' ., are it) lhe.

ground state, while those produced by an rtf discha a ge inare I ikely to ilncltide

excited atolus. For the resonant. reaction 4-3 one woold 11ot expect the

presence of excited states to influence the cross section greaty r.1
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Table 4-1c. Studies of the cross section for 0' + 0 -• 0 + 0'

Reference TechnProduction Ion Energies
of 0 atoms

42 (Stebbinqs, 1964) CL s,m rf discharge 40 to 10000 eV

43 (Rutherford, 1974) CB ,s m thermal dissoc. 60 to 500 eV

44 (Lo, 1969) B,f,m thermal dissoc. 30 to 2000 keV

N, +N, -N N + N We selected fifteen sources of experi-

mental cross section.,;, as Li.ste'l in Table 4-Id. D)iscrepancies am1ong

l.l Cj'O.,• Cro0ss se n 'i i ' ii ... pi,• , 1 . klu" to d; in t o *d , C 1. . . I lit t .O
+of electronic and vibrational states of the prhimar N) Ill all of the

beaiii experiments ill this table except Reference 31 the priimary N,) iolns ,

were produced by electron impact on N2 ; the electron onergy is ill tile

tih i rd column, Iour investigators (Referenees 52, 54, 57 and 58) studied

the effect of chang ing the di.-;trihnution of states of the primary N.,* 1y))
¢'•r)'in g this electron energy.. They) find that ehanging tile electron energv

from 16 or 18 eV to high energ ics (25 to 90 eV) decreases the cross- section

-solliewhat. The larg-est. decreaso moasured was a factor 1. .q,

Nlaier (Reference 52) has calculated the initial distribution of'
elLvelrunie anld vibniirat[l/ll ac of* N., for three o/,.'etroll-impact,

energies. Of the known electronic states only N., (A21h is sufficiently

po)pulated and has a1 long, enough I i ft:tinle to affect the Imea.1sulred c r"ss

-1sect ions. The cross sections for N.,+(A"II ien in Var ious Vibrot jnal

levels to charge-transfer with grou|nd-state N art, estimated theoretically

to be signiificantly siaaller than the cross sections for gground-state

SN 2 reacti ng w.ith ground-state N-, (Reference 58, p. 5506). The

Ii letinmes of the vibratlenal, level- of the A" 1 s ti Iake (Reference 52,

"lal) IQ I I) are compo-abl e to the eI apsed t i te hetween I 'Iormatioil :i (d react ion

-50 ..
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Table 4-1d. Studies of the cross section for N + N N2+N2 + 2 "N2+

Reference Tec:hnique Electron Ion Energlies RemarksEnergy

45 (Moseley, 1969) I)I ,[T-30K] Ion Mobility

46 (Huntress, 1971) ICR [3000-Ti050O0 K] Note b

47 (Kobayash i , 1975) 1)1,m [0.05<E I.(• 2 5 eV]

48 (Ticrnan) B,i not known -0.3 eV

49 (Nichols, 1966) us 95 eV 0,5 to 17 eV

50 (Leventhal, 1967) B,s,m,i 50 to 70 eV 1 to 50 eV

51 (Stebbings, 1963) CB,s -90 eV 15 to 5000 eV

52 (Maier, 1974) I3,s,m,i 19,2 eVa 20 to 45 eV

53 (Gustafsson, 1960) B,s,m high, -70 eV 50 to 900 eV

54 (hume, 1964) fl,s 21.5 cVa 50 to 1000 eV

31 (Ghosh, 1957) Bs rf discharge 100 to 800 eV

55 (Savage, 1963) MB 30 to 50 eV 100 to 1000 eV

56 (Neff, 1964) Bs not stated 190 to 3000 cV

57 (McGowan, 1964) B,f 55 eVa 600 to 2000 eV

58 (Flannery, 1973) BJ Note a 750 to 2200 eV Note c

a he electron energywas varied to study the effect of changes in the distribution

of states of the primary N2 f ions,

The quantity plotted in lHuntress's rigure 3 is k = /n, where ", is the velocity
average of the (momentum-transfer) collision frequency and n is the number
density of N2 . This is related to the reduced mobility Ko by Hluntress's
Eq. 24, and our Eq. 3-20 then gives Sjk + Sk* - mk k. lhe abscissa of Fi]. 3
is the ion kinetic temperature Ti; the temperature of the neutrals we take to
he 293 "K.

Gives only relat ive cross sections as a funcLion of electron energy.



of the N2+ in various beam experiments. This latter time depends on ion

energy and is not stated for most of the beam experiments in Table 4-1d.

"lThus one can find only an upper limit to the fractional population of the
2 +

A211 state in the incident N beam.
u2

We have not attempted to adjust the measured cross sections to

refer to a given distribution of states, such as a pure beam of ground-

state N ions. The discrepancies due to different distributions of
2

states in the primary N2 + seem to be no larger than the discrepancies

due to unknown other sources. For example, at an ion energy around 50 eV

the cross sections from Table 4-ld differ by factors up to 2.0, and the

smallest (Reference 52) and largest (Reference 54) are from experiments

that used similar low electron energy.

Figure 4-4 shows our recommended cross section. The extension

to ion energies above 5000 eV is an extrapolation.

For 5.9 x 10 < v < 7 x 10 cm/sec we use the dc and ac mobility

measurements of References 45 and 46 together with Eqs. 3-20, 2-33b, 2-21,

and 2-43 to obtain an empirical power-law fit to qD(v) + 2 a (v): Al

-14 2 4 -0.1

ql(V) + 2 ax(v) 1.6 x 10 cm (v/5.97 x 10 cm/sec)

(4-2 3)

We calculated U below I eV by the same arbitrary separation procedure

that is described above for lie+ + lie lie + He+, and the same remarks

apply.

I ~+
0 + 0" - 0 + 0 The seven references in Table 4-le show

? 2 2
,' serious discrepancies. The 0 + 0 measurements of Reference 47

* 2 2
WU'ITr published after Figure 4-4 was completed, but only small adj ustments
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Table 4-le. Studies of the cross section for 02+ + 02 ÷ 02 + 02.

Reference Technique Ion Energies Remarks

59 (Snuggs, 1971) DT,m iT = 300 °K] Ion Mobility

47 (Kobayashi, 1975) DT,m [0.045 < E < 2.8 eV]

60 (Varney, 1970) DT,m i-0.2 eV

48 (Tiernan) Bi -0.3 eV

51 (Stebbings, 1963) CB,s 25 to 6500 eV

61 (Ghosh, 1957) Bs 100 to 800 eV

54 (AAine, 1964) Bs 100 to 1000 eV

are indicated for speeds above 2 x 10 cm/sec. Below 1 eV ion energy we

used the mobility measurement of Reference 59 and followed the same

procedure described for lie + lie amd N2 + N T

certain in this case because the temperature dependence of the mobility was

not measured and must be estimated.

Two investigators (References 62 and 54) have studied the effect

of changing the distribution of states of the primary 02 by varying the

electron energy used in l)roducing the 0 by electron-impact ionization.2Compared to the accuracy of the measurements, this effect is unimportant.

NO + NO , NO + NO The cross sections from Table 4-1f are

considerably more uncertain than for the other cases of symmetric charge

exchange considered in this study. One cause is the presence of excited
+

states in the primary NO ions [References 51 and 62). For primary NO
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Table 4-1f. Studies of the cross section for NO4 + NO ÷ NO + NO+.

Reference Technique Ion Energies Remarks

63 (Volz, 1971) DT,m IT = 300 °K] Ion Mobility

64 (Henglein, 1962) B,s,m 5-40 eV

51 (Stebbings, 1963) CBs,m 25 to 4000 9V

61 (Ghosh, 1957) B,s 100 to 800 eV

62 (Moran, 1974) B,f 400 to 1200 eV Note a

a Gives only relative cross sections as a function of electron energy.

ions produced by electron-impact ionization, varying the electron energy

from 9 to above 30 eV increases the cross section by a factor 1.5 at ion

energy 400 eV (Reference 62); this effect is opposite to that for N2 + N2
mentioned above.

4.3 ASYMMETRIC CHARGE EXCHANGE

N+ + 0 - N + 0 : From the sources in T"able 4-ig we put together

the cross section in Figure 4-5. The two arrows above this curve are

measured upper limits. In References 43 and 67 the 0 ";toms are known to

be in the ground state because they are formed by thermal dissociation. Tlhe

cross sectica for reaction with the metastable N+(ID) ion,

N+( 1D) + 0 -, N + , (4-24)

+3

is reported to be not large compared to that for ground-state N ions,

even at ion energies as low as 5 eV (Reference 43).
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Table 4-1g. Studies of the cross section for N~ + 0 -~N + 0.U

Reference Technique Poutnof Ion Energies Remarks0 atuoms

65 (Bortner, 1973) not stated not stated Estimate of
rate coeff. -

66 (NeYnab~r) MB charge transfer 0.19 eV Upper Iimi t,

(5eV Upper limit
43 (Rutherford, 1974) GB,s,m thermal dissoc. ~ e

67 (Lo, 1970) B, f m? therm~al dissoc. 30 to 2000 keV

aWe have assumed that the estimate applies for 2000•< T <~ 700 *K.

N + U*N +U and 0 U 0+LIJ Also shown in Figure 4-5

are 1974 results of crossed-beam exp~erimnents of Neynaber, R~utherford, and

Vrooml (Reference 68).

+ +
N+ N - N + N In the detailed low-energy Study of Maier and

Murad (Reference 69) the reactants were isotopically labeled and the kinetic

energies of the product N were determined. They conclude tliat this

reaction proceeds by both atomi and electron transfer. For ion energies

below 16 eV the cross sections for electron and atomi transfer are roughily

equal, but at higher energy the cross section for electron tran~sfer is

dominant. Al1so the kinetic energy transferred into internal energy of the

products is considerably larger than the minimum of 1.05 eV required for

this reaction to occur; it increases from -3.2 to 10 eV as the center-of-

mnass kinetic energy increases from 4 to 50 oV.



+

The effect of excited states of N has been studied in References

71 and S3. Neynaber et al. (Reference 71) conclude that the cross section

for the reaction

N (11) + N2 ÷ N + N (4-25)

is expected to be, and is observed to be, small. (They used ion energies

of -10 to 500 eV.) McGowan and Kerwin (Reference 53) report only a small

increase (-20 percent) in the cross section as the electron energy used to

produce the N+ ions is varied.

The differences among the three cross sections presented in

References 69 and 70 are a factor of 2 to 4, and when those of References 51

and 53 are considered, the discrepancies are far larger. See Table 4-lh.

Maier and Murad (Reference 69) discuss the differences and recommend that
+

the cross section of Reference 70 be preferred when the primary N ions

are produced by electron impact un low-pressure N2 . We adopt the cross

section of Reference 70 for ion energies up to 500 eV.

At high energies the agreement between References 72, 73 and 40

is good. (Note that in References 40 and 72 the cross sections are given

in cm 2 /atom instead of cm, 2/molecule as used in Figure 4-6). For these

energies the cross sections refer to the reaction

N+ + N7 -. N + slow products (4-26)

Figure 4-6 shows the recommended cross section, in which these high-energy

results are joined to that of Reference 70 by a smooth dotted curve.
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Table 4-1h. Studies of the cross section for N4 + N2 -N+N 2 . i

FReference 
Technique Ion EnergiesV

B, s II, i3 to 50 eV

9 Mir 91 B's'II 1.5 to 100 eV

70 (Neynaber, 1971) CB,s,in 1.5 to 500 eV

51 (Stebbings, 1963) CB,s 20 to 5000 eV

53 (Gustafsson, 1960) B,s,rn 25 to 900 eV

57 (McGowan, 1964) B,f 2000 eV

72 (Ormrod, 1971) B3,f m 15 to 70 keV

73 (Brackmann, 1968) B,f,ni 30 to 1300 keV

40 (Nikolaev, 1961) J B,f op 500 to 2400 keV

I+

N + +N +N + N: Kretschmer and Petersen (Reference 74) have
2 2

measured the rate coefficient at 300 OK temnperatureC by an indirect technique

using Langrnuir probes. Their rate coefficient, 1.4 x 10 cm /'sec, is

much lower than the upper 1imit deteniiined by the afterglow experiments of

Fergu~son et al. (Reference 75). The resu~lt of Reference 74 is shown as a

point on Figure 4-6.

+0~ i~0+0: h ~:; ec-tions for ground-state 0+ (4S

and for inetast,'.ble 0+(2D)) have been measured separately in three beam

experiments (Refcr~nees 48, 68, and 8S; see Table 4-li). Their results are

Consistent, and we have shown a separate cross section for 0+(2D) +

in Figure 4-7.

57



++

Table 4-1i Studies of the cross section for 0- + 02 - 0 + 02.

Reference Technique Ion Energies Remarks

76 (Dunkin, 1968)
76 (Deruskin, 1968) FA [8 0 °<T<6000 K] Rate Coefficient

77 (Ferguson, 1969)f

78 (Smith, 1968) SA [1800<T<6000 K] Rate Coefficient

79 (Copsey, 1966)f

80 (Lindinger, 1974) FA [3000<T<800°K] Rate Coefficient

81 (Warneck, 1967) HPMS [7000<Ti<l100K]a Rate Coefficient ;

82 (Pharo, 1971) ionospheric [T 900°K] Rate Coefficient

83 (Johnsen, 1973) DT,m 3000 K to 2 eV

84 (McFarland, 1973) FDT,m [.05<Ecm<3.2 eV]

48 (Tiernan) B - 0.3 eV Also 0+(20)+02

68 (Neynaber, 1974) CB,s,m 4 to 500 eV Also 0.(-D)+0

85 (Stebbings, 1966) CB,s,m 10 to 100 eV Also 0+*+02

57 (McGowan, 1964) Bf 1.6 keV

86 (Turner, 1969) B 8 to 60 keV

87 (Solov'ev, 1972) B,f,m 28 to 180 keV

73 (Brackmann, 1968) B,f,m 30 to 2000 keV

a To compare to other temperatures in this column one must calculate

the temperature Tm (Eq. 2-21 or 2-47) characterizing the distribution
of relative velocities of 0+ - 02 pairs. For an 0? temperature of
300 0 K the range of this temperature is 600°<TBI<800K.

5B
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'I'1o drift-tube measurements are believed to refer to ground-state

O (4S) ions (Reference 83), and we have assumed the same for the afterglow

experiments. The temperature-dependent rate coefficients have been used

to estimate charge-exchange cross sections o (v) by using Eq. B-llb to

obtain an empirical power-law fit to x (v). Some of the recent measure-

ments (References 80, 82, and 48) indicate a lower cross section at low

energies than do References 76 to 79, 81, and 83; the discrepancy is nearly

a factor of 2 in the range I x lO < v < 2 x 105 cm/sec. We choose an

intermediate cross section here and indicate the conflict by a dashed line

in Figure 4-7.

At intermediate energies we follow the cross section of Neynaber

et al. (Reference 68). At high energies References 87 and 73 agree well

and we have followed the latter. For these energies the cross sections

refer to the reaction

0 ++ 0 2 0 + slow products (4-27)

In Figure 4-7 this high-energy curve is connected to that of Reference 68

by a smooth dotted curve.

+ +
0 + 0 0 + 0 ile only measurement is the crossed-beams

2 2
experiment of Stebbings et al. (Reference 88), covering ion energies from

70 to 6000eV. 'his measurement is probably strongly affected by the presence

of excited atoms and excited ions in the incident beams. To estimate the

cross section for ground-state reactants we compared measurements of

Reference 88 to those of Reference 43 for two similar charge-exchange

reactions, those for N2 + 0 and N+ + 0 (reaction 4-7). In Reference 43,

where the reactant 0 atoms are in the ground state and the ions are pro-

duced by impact of lower energy electrons, these two cross sections are

smaller than those of Reference 88 by a factor of about 6. For our estimate
+

of the cross section for 0, + 0, we divided the cross section of Reference

88 by 6 (and at 2 keV ion energy by a more conservative factor of 3). F i gure

4-7 shows the result, which covers only the range v < 2 X t0o cm/sec.
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N+ NO ÷ N + NO+: Rutherford (Reference 91) has extended the

crossed-beams measurements of 'Turner (Reference 92) down to 1 oV ion energy; 7i
•- ,5 1016 c2 A om•!

the cross section remains nearly constant at ox 1.5 X 10 cm2 . At room

temperature, however, the flowing afterglow measurement (Reference 89) in-

dicates a cross section of about 100 x 10-16 cm2 for v s 7 × 104 cm/sec.

Between room temperature and I eV are the measurements of References 90 and

48 at two well-placed energies. It is unfortunate that the range of ion

temperature or mean ion energy used for this reaction by Warneck (Reference

90) is not stated more precisely, but his measurement is nonetheless signi-

ficant. 11e cross sections from the four experiments mentioned so far (the

first four in Table 4-1j) decrease monotonicaliy as the energy is increased

to I eV. Taken together, they support the steep drop in cross section

sh"ow in Uiurýc 4-8.

It is not known whether atom transfer, as opposed to electron

transfer, is important at low energies (Reference 89). The effect of

excited states of N was studied in Reference 92 by varying the energy

of the electrons used to produce the N +; the cross section is relatively

insensitive to electron energy.

At high energies we average the charge-exchange cross sections

of Reference 73 for N* N (reaction 4-8) and for N + 0. Figure 4-8

shows our recommiended cross section, which covers the range 6 x 104 <v <x 10

em/sec. (At high energies this curve is indistinguishable from that for

0+ NO) .

O+ + NO -* 0 + NO : Both beam experiments in Table 4-1k have

measured separately the cross sections for ground-state O+( S) and for

metastable O( 2 D), and the results of Rbference 48 are consistent with

extrapolations of the results of Reference 68. At the lowest ion energies

in these experiments (0.3 and 1.5 eV), however, even the measurements for

ground-state 0+ exceed the flow-drift tube result (Reference 93) by a
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Table 4-1j. Studies of the cross section for N + NO -- N + NO ,

Reference Technique Ion Energies Remarks

89 (Goldan, 1966) FA [Ta3OO0 K] Rate Coefficient

90 (Warneck, 1967) HPMS or LPMS Note a Rate Coefficient

48 (Tiernan) B,1 -0.3 eV

91 (Rutherford) CB,s,i11 1 to ->5 eV

92 (Turner, 1966) CB,s,m 5 to 200 eV ]
a

The ion temperature range for the group of rate coefficients sum-
marized in Ref. 90 is 400 0<Th<2000 0 K, but each individual reaction
was studied only over part of this range. See footnote to Table 4-li.

Table 4-1k. Studies of the cross section for 0 + NO 0 + NO

Reference Technique Ion Energies Remarks

93 (M [T--280 0K] Upper limit for
93.(McFarland, 1974) FDTi rate coefficient

([0. 2 2<Ecm< 4 eV]

48 (Tiernan) B -0.3 eV Also 0+( 2 D)+NO

+2
68 (Neynaber, 1974) CB,s,m 1.5 to 500 eV Also 0+( D)+NO

61
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factor of 3 or more. Being unable to resolve this discrepancy we give an

intermediate cross section for O(4S) + 02 at these energies and indicate

the decreased accuracy by a dotted line in Figure 4-8. Above 30 keV we

have averaged the charge-exchaiige cross sections of Reference 73 for

+ N and 0 + 0 (reaction 4-10).
2 2

0 + N + 0 + N÷ and NO+ + N -• NO N Our literature searchN+
reveals no measurement of the cross section for either of these reactions.

For ground-state reactants the endothermicities are 0.92 and 5.27 eV,

respectively, giving threshold speeds of 4.9 x 10 and 1.0 x 106 cm/sec.

NO + 0 NO + O+ For ground-state reactants this reaction

has an endotheniucity of 4.35 eV, giving it a threshold speed of 9.0 x 105

cm/sec. 'Tho only known measurement of the cross section (Reference 88) is

1)robably strongly affected by the presence of excited states in the beanis.

Our rough estimate is that, for speeds above the threshold, the cross

section equals that discussed above for 0+ + 0. The measurements of

Reference 88, which include both these cross sections for ion energies

from 70 to 6000 eV, are consistent with our estimate within experimental

uncertainty.
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Notes to- Figures 4-1 to 4-8: The six cross sections for symnetric charge

exchange (Figures 4-1 to 4-,1) and the eleven for asyntinetric charge exchange

(Figures 4-5 to 4-8) are described above in Section 4. These charge-

exchange cross sections are recommended values based on a literature search,

and they lean heavily on experimental rather than theoretical cross sections.

They are plotted in the form1 of effective monentui•-transtfer cross sections,

q*(v) or ( 11T(v) (Eq. 2-43 or B-31). The cross sections are intended to

refer to ground-state reactants with in the stated accuracy; collmnlents about

the states of the reactants in the experiments have been included above.

For symmetric charge exchange the recommended cross sections are also tabu-

lated in 'tablo 4-2.

Also shown on Figures 4-1 to 4-8 are momentum-transfer cross

sections for elastic scattering q%)(v), iFor center-of-mass energies belows

20 eV these are calculated from Eq. 3-15 and Table 3-2 or are described in l

Section 3.31). For high energies tip to v - 108 cm/sec the ,'vos:; sectios 1-

are described in Section 3,3c. In F.igures 4-S5 to ,1-7 we have interpolated

a dotted line to join the low and high energy portions of ql(v). At the

highest energies q (v) is extrapolated by a straight dotted line,

(11)(V) • v *

The momentlum- t;ransfor cross sect ions for inelast ic scatter ing

q iwl(v) are calculated from i1q. C- 8 and Tablte C- I . Symbols are defined

in the Glossary in Appendix A.

The weight of a line is an indication of acc'.zacyv. A solid line

indicates an accu racy within ±t.3( percent, a dashed line has an accuracy

of roughly a factor of two, and a dotted line is for order-of-magnitude:

accuracy. There are two kinds of dashed lines having the ,ame meaning; .

both have dashes three times as long, as the intervening spaces. Simi larly

the dotted lines and very short dashes, which are on11), as long; as the 71.
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Table 4-2. Total cross sections for synmnetric charge exchange
of atmospheric species. The values are best
estimates based on a review of the literature,a

Relative Charge-exchan(Je Lross sect:ion) a (10-16 c1112)
speed v, • O

cmsc + + + ++
CMl Sec Ile+ lie N 7+ N 0+ 00 N? + N2 02+ + 02 NO• + NO

2(5) 57 43

2.5(5) 55 41 45 35 24.5

5(5) 47.5 36 39 28.5 19.7

7(5) 27 44 33 37 26 18

1(6) 24 40 30.5 34.5 23.S 16

2(6) 20.5 33 26 31 19 13.3

3(6) 1H.3 29 23.5 28.5 17 12.3

6(6) 15 24 20 25.5 14.5 10.6

1(7) 12.5 20.5 17.5 23.2 14 9.6 -

2(7) 10 16 14.4 20.5 14 9.4

5(7) 6.8 11.5 10.8 16 13.3

1(8) 4.7 8.5 8.0 12.5 12.5

1. s() 3.2 6.4 6.3

2(8) 2.15 4.5 4.8

3(8) 0.93 1.7,1 2. 6.

4(8) 0.39 0.71 '1.35

5(8) 0.17 0.31 0.7

6(8) 0.080

8(8) 0.017..

2(5) means 2 10' cm/sec. fhe ,umhber of digits giveln is not a

measur-e of accura'ilCy; see text and Figues .1-1 to 4-4.
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SECTION 5

COEFFICIENTS FOR COLLISIONAL MOMENTUM AND HEAT TRANSFER
FOR TWO-FLUID NUCLEAR-BIJRST SIMULAT1ONS

5.1 COUPLING AND HEAT-TRANSFER COEFFICIENTS

Sections 3 and 4 give cross sections as a function of the rel~ative

speed of the pair of particles. We now integrate these over a distribution

of speceds to obtaii? averaged quantities, the momentum -couplIing coefficient

aind hieatt-transfer coefficient, as a function of the temperatures and~ macro-

Scop-ic Volocitics Of the two, gases. Theýsc arc. found by asing Eqs. 2-33

and 2-34i to integrate the mlomentum-transfer cross sections. We have already

done these integrals analytically for two cases: in Section 3.2 for el~ectron-

ion elastic scattering and in Section 3. 3a for ionl-neuktral elastic. scaItter-

ing by the polarization force alone. We now integrate numerically for the

cases of electron -neutral scattering, ion-neutral elastic, scattering, and

symmetric charge cxchange.

'i e specific cross sections treated are as follows: Thie coeffi -

*cients s anld hl due to symmetric chiarge. exchange (such as N + N -
kk

*N + N+ý) ire baised onl the cross sections in Figures 4-1 to 4-4 (or Table 4-2).
+ +

*(As ymmet r nc charge exchange, such as N 40 -;ý 0 + N in Figure 4 -5, is

omitted hiere; this should be treated as a chemical reaction, os in

Appenciix 1B.) The coefficients, s and h~ for elastic scattering
of ions, and neutrals are baised onl the cros setos in i g eS 4:1to 4-8. For pairs for which only the polari zatiomi-force cross section

is Shown, thle coefficients s and 11 are takeni from T~able 3-3, whi~le

for the other five pai vs (in Viptires, 4-7) to 4-7) they are found by miuiimcerica I
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integration. The coefficients s. and h. for electron-neutral scatter-je jo
ing are based on tile cross sections of Section 3.1. The coefficients ske

and hk for electron-ion elastic scattering are given by Eqs. 3-7 to 3-9

and 3-5 with Zn(2/On) = 12. Since the electron-ion coupling coefficient

of Eq. 3-7 is essentially independent of ion mass, it equals the combined

coupling coefficient s.l of Eq. 2-50.

'llese coupling coefficients and hcat-transfer coefficients are

found by integrating Eqs. 2-33 and 2-34 avalytically or nuinerically. Tlhe

numerical integrations used Simpson's rule with a step size of Ar, = 0.05

over the interval 0 < 4 < (V/U+44); the resulting integrals are accurate to ,

three digits or more. If a cross section is known only over a range

V9 < v < v , we calculate the coupling and heat-transfer coefficients only

for LempjeraLureS such that

kT kT
12 m1 m2 12 u;•

1 12

The coupling coefficients are first calculated f'or zero relative gas

velocity (VI-V 2 = 0) as a function of the weighted mean temperature

(m2 kl+in kT2 )/(ml+m2 ) (Eq. 2-21) from 0.01 to 500 eV. Figure 5-1 shows the

resulting ion-neutral and electron-ion coupling coefficients. The ex- -

tension of these results to small nonzero relative gas velocity is discussed

later in this subsection. Because of crowding Figure 5-1 does not show the

(constant) coupling coefficients for 0 + 0, + NO, or 0 + NO; these

are given in Table 3-3.

'the accuracy of a coupling coefficient is indicated roughly by the

weight of the line. 'lhe solid (most accurate), dashed and dotted portions

of the cross-section curves (Figures 4-1 to 4-.8) have been repeated in

Figure 5-1. The remarks about the three weights of curves made in Section

4 apply here.
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Figu'Ce 5-2 shows the elect ron-neutral couplin, coefficients and l

an extension from Figure 5-1 ot the electron-i on coefficient, which is

indtlpendcet of ion mass. F:igtures S-3 and 5-4 show the hliat-transifor cooffi-

cients for zero gas velocLties, These are related to the coupling CoefiO -

cients of Figures 5-1 and 5-2 by E~q. 2-34h. because of crowding Figure 5-53

does not show the hllt-tranlse r coefficient for 0 + N, which is "lightly

greater thaln that for N+ + 0 (see FiguLieC 5-1 or Ta'ble 3-3) , or thlat

for NO+ + 0, which is given in Table 3-3.

We have also computed all these coefficients for nonzero gas

volociti5s, iv v2 > Presenting the resu|lts is s ilmpl i l'ied by using a new

independent variable. We let v2 dCnote the mean square relative speed of

pairs of particles of species I and 2; tihe new i udependenlt var'.iable T is

thel tilllin2/(llll+12)1 v-/' , whhich is 2/5 of the mean k inetic nerergy of pairs

of particles in their conter-of-nrass frames :

*--kT 1 + V V . (-2)

We call "r the "collision temperature." for collisions between species I

alnd 2; when V = V it is Simply the weighted ilvall temperature k'

(Eq. 2-21). ior eloctron-neitral and electron-io, collisions tile nektral

and .onl temlperattures are usual ly smal I coll•ia.od to (11 )T' ', so Eq, .5-2

reduces to

kT + = k'' mlV e (

where V'.) is either the velocity ot' the neoitrals or that of the iols.

list.g '" as one olf the i ndepemhnde: vzirjabtlos, one ftinds that

the coupling, coefficients and hent-tr' rnsfer cooefi ci ents are nel arly i nde-

poenlent of V1\2 v h' I 2.-I
4 1~Vl, v *--I- (5-4t)

which iS ktstiul ly sati sfied il latne-I 1110' two-tlltit d i illlati i ons.
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Tjo indicate this we have labeled thle abscissas of Figures S-1 to S-4 as t.

For relative speeds satisfying inequality 5-4 thle calculated coupl~ing and

hleat-transfer coefficients are always within ±15 percent of the Vatlues

given in F:igures 5-1 to 5-4. Larger relative speeds make substantial

changes in these coefficient:,, however, so these Figures and Table 5-1

should be used only for' speeds that satisfy inequality 5-4.

']Table S-1 gives emnpirical fits to the monmentuii.-coIplinig coefficienlts

of Figures 5-1 and 5-2. Since these are valid only for lown relative gas

velocity, heat-transfer coefficients can bc calculatod front them by tile

m~laion = 3/(m1 m~)(Eq. 2-34b).

5.2 HOW TO USE THE COUPLING AND HEAT-TRANSFER
COEFFICIENTS IN TWO-FLUID SIMULATIONS

We have p~resented at method of t',cating the momen101tulm and energy
t rans fervs ,'uc to ctastic scattering and symmetric charge exchange lito10-

ncutral, electron-neu~tral, and electron-ionj encounters. We give a brief
sunmmary for the reader who is primarily interested ill results.

A1 The neuitrals are composed of several species (j=1 ,2, .. .. having

00

Ii. tIrpr'tue nntrls n-r ctnairatr ted bat m. ea velocity xi ? r andi ao
Itt

of eac fie ta speci (n LOe Max ."_ 1I-11It7111t 'iii11 inl the framei Inox i ng at

qthe nmv1- c I V .,I io11? til. ae compwIO'ed of sinig I charged speci es

hav i 111' ,101itber Acn'ii ties n and total number density it.
" "a he i and e e C.t r olI vý it r, r i h It i o'p I ai ,e I In a ar I v cha iIr IC ter-

o.1 by T m . The- ci (tr!: number. densi tv I i yen 1)v

14t rii:. Inim ceeetron v1'c1. ciii -C ei.tI~e~ b Eql. 2-46,

lei ('s -s



Table 5-1a. Parameters of the coupling coefficients due to electron-
neutral scattering sie and elastic electron-ion scattering
Sie as given by s = Brb. The collision temperature T
(Eq. 5-3) is ineV and s is in gm-cm3/sec.

Sje = BTb
Pair of b Range of -,

species in eV

e + He 5 . 9 0 (- 3 5)a +0.564 0.01 <0O.8 0.

5.52(-35) +0.267 I.8<r<4
8.0(-35) 0. 4<,u<10

e + N 3.09(-35) +1.258 0.3<-r<2

5.24(-35) +0.498 2t<T,1

e + 0 5.0(-35) 4-0.530 O.03<T<-

5.0(-35) +0.1,'48 1<U<lO

e + N2  1.43(-34) +0.846 0.01<T<0.8

1.30(-34) +0.436 0.8<T<2 4

5.2(-34) 0. 24<T<100

e + 0 8.30(-35) +0.903 0.01<r<O.3
2

5.42(-35) +0.549 0.3<r<18

l.27(-34) +0.255 18<T<100

e + NO 5.0(-36) 0. 0.01<T<0.03

7.27(-34) +1.420 0.03<r<0.2

8.72(.-35) +0.102 0.2<.r<1.7

6.70(-35) +0.597 l.7<T<13

1.79(-34) ±0.214 13<T<100

e + ion 3 . 1 8 (- 3 2 )e -1.5 Note d

a 5.90 (-35) means 5.90 x 10-35

d ]0-5 nel/ i< 30 eV, where ne is in electrons/cm3 . The lower

limit is from Debye theory, as mentioned in Section 3.3b.
e We used tn(2/o(1 ) = 12 in Eqs. 3-5 and 3-7. This factor is tabulated

in Reference 8, Table 5.1 (-a1led UCtA) and plotted in Reference 7,
Figure 8-6.
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Table 5-lb. Parameters of the coupling coefficients due to ion-neutral
elastic scattering sjk and to syimnetric charge exchange

as given by Sik = BTb and s, B*Tc. The collision
temperature l: (Eq. 5-2) is in eV and Sjk and sk are in
gm-cm 1 /sec.

Pair of Sjk =BTb Range of -, Sk B *tc Range of t
species iin eV in eV

lie+ + ile 2.75(-33) 0. 0. 01 ,- 500 2.94(-32) 0.600 0.02< <0.3

2.18(-32) 0.351 0. 3T'`500
N+ + N 1.21(-32) 0. 0.01' 500 7.6(-32) 0.35B 0.02t-L<500
0 + 0 1.07(-32) 0. 0.0,1'<500 6.3(-32) 0.381 0.02-'u-500
N2+ + N2  2.13(-32) 0. 0.01"<t500 1.38(-31) 0.618 0.02-"1<O.2

9.90(-32) 0.412 0.2<u<500
02 + 02 2.17(-32) 0. 0.01<c<500 1.24(-31) 0.697 0.02'ýL<0.2

7.42(-32) 0.397 O.?2-L-500
NO + NO 2.17(-32) 0. 0.01,1-500 5.1(-32) 0.381 0.02, t500
N + 0 101(-32) 0. 0,01w--70

3.80(-32) -0.292 70<,c -500

0 + N 1.25(-32) 0. 0.01<i<40

3.49(-32) -0.278 40<,<500
N+ + N2  2.15(-32) +0.040 0.01'--t 0

7.60(-32) -0.257 70.:t--500
N+ 02 1.70(-32) 0. 0.01<1<500

0+ N2  1,82(-32) 0. 0.01 -500

0 + 02 2.16(-3d) +0.035 0.01- 200
1.37(-31) -0.314 200 '500

402 + 0 6.62(-33) -0.118 0.01-1 0.2
1.15(-32) +0.227 0,2 <- -30

2.5(-32) 0. 30, ,500

N2 + N 1.40,-32) 0. 0.01": 500

NO+ + N 1.01(-32) 0. 0.01' .500
NO" + 0 1.22(-32) G. 0.01. '500

NO+ N2  2.17(-32) 0. 0.01-' 500

NO+ 0 2.14(-32) 0. 0.01 '500
N 4  NO 1.73(-32) 0. 0.01- t.500

0+ N0 1.81(-3?) 0. 0.01- 500
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Sect ion 2.3 gives the two-fluid momentum and energy balance equa-

tions in a form that includes elastic scattering and symmetric charge

exchange (such as N N - N + N+). We repeat these relations here and

then suimmarize how to calculate the nine coefficients for collisional 4

momentum and heat transfer (Eqs. 5-12 to 5-19). Other symbols are de-

fined in the Glossary in Appendix A. The momentum balance equations for

the neutral fluid, for the ion-electron plasma, and for the electrons

(Eqs. 2-51 to 2-53) are

a-( + 4 -4- -4a(p V ) ) - -VP + ng - nnis (yn-Vi)'-n n s (VnV (5-6)
at1111n n n n 1 ni n 1 n e ne n e'(-)

3 (P V.)4.4 ((V.Vi÷V(P. + P.+ o )÷ V P V + w+

a at 11 i

nnnisni (Vn-Vi) + nnne Sne (Vn -Ve) , (5-7)

Vo + n n(* s ( 4 +n. n s (V ) + (5-8)Qe nn nene nne(e (iVe) i 1.

'The internal energy balance equations for the neutral 'luid, for the ions

and for the electrons (l.iq, 2-55 to 2-57) are

a(Pl n (n) i 2at + V(P I V ) : - P 1 nn.s dn 2i
n n n ni ni ni

) 1 d + n n.h .k(Th k -(5-9) k(
n e ne ne n e n n nl .-'I n n e ne e n ' -9

~(P 4I.)n
1i + V( ii- + n n.s (l-d(n)) - i 12at (p-+ nnini III 1- Hi

e n nTnihnik(riT) - n , (5-10)
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v

Snek)+ V kT)

Iln1e In ld~)- 2 ine le~t~) jVi -

- n nnhnk(T k + n neh.ek (Ti-Te) (5-1 )
noene i eie 1 e

These six balance relations should include additional terms to

account for chemical reactions. (Asymmetric charge exchange, such as re-

actions 4-7 to 4-20, is classed in this work as a chemical reaction. See

Appendix B and Figs. 4-5 to 4-8.) lIEc. 5-1i should also include an addi-

tional term to account both for the heat transfer restitilig from vibral ional

excitation and de-excitation of N, by clectron inlpaCt and for the li ect ron

cnerog) loss reosulti tig, from electron i c oxc itat ion a1nd( ion i nat ion of nout i'a Is

and ions by electron illipac .

The coupling and heat-transfer coefficients depend oil the fluid

composition. The first one, s , is calculated from Eq. 2-48 as the

weighted sum of the coupling coefficients s for elastic scattering

of pairs of species consisting of a neutral species j and an ion species

k (N' - N, N' + 0 N' + N,., etc.) plus a sum of the coupling coefficients

sk due to syinmetric charge exchange of ions, witth their parent atoms or
k

molecules (N + N, NO + NO, etc.); the relation is

0 +7 s + 0 +
Il 11i.n 1I1 ~?n si + 11 nns~ (5-12)n n k " k . k k

k k

0 +

where n is the nun.ber density of neutral species j and n

is the number density of ion species k. The coupling coefficients s

and s* for individual pairs of species can be found from Table S-lb as

k8



a function of the collision temperature -c (Eq. 5-2) for that pair.

Table 5-lb applies when the ion-neutral relative speed V satisfies

ir.Cquality 5-4.

niiThe ion-neuttral heat-transfer coefficient h . should be stummed

at the same time; it is given by Eq. 2-59,

",Pi'• EE o 3s s3 . s s
nn njk 1 0 +k (5-13)

k j k k

For the fractional coupling coefficient d one. ay us the approximate

Lq. 2-66 rather than sum iith the definition, Eq, 2-53a; these relations

are

(11' 0 + +
in.1 .dQ E 11 k j o 7 +
n i,•i Ii - k k % (+11k) k kk- - k

0. i n.s s (5-14)SO it III ni

The electron-noutral coupling coefficient s is calculatedlie

from Eq. 2-49 as a sum over all neutral species:

nene e (ic j e

The individual coefficients s. are found from Table S-la as a function.1 C

of the electron-neutral collision temperature T, which is given by Eq.5-.3.

The elcctron-neutral heat-transfer coofficient h is given by Eq. 2-60,
lie

Sn1 h 11 n X n. 3s m. , (m-16)
n e n . e 0 jo j

which can be approximated by Eq. 2-62. The coefficient d(n) i.s defined
lie

by Eq. 2-54, but one can usually :approximate by using the mass of the N.,

molecule (Eq. 2-63); these relat ions are
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2. 0 10~ n-S ~ .(-7

The c lectron- ion Coupling coeft i dent s, whi ch i~s independent

ie,.

|IC

of the composition cf the ion fluid, is given by the bottom line of Table

5-la or by '.qs. 3-7, 3-5, and 3-9. Tt is a function of the electron-ion

collision temperature 'r, which is given by FEq. 5-3. The hiat-transfor

coefficient h1 e is given by Fiq, 2-61 and normally can be approximated

by using the mass of the 0 ion (Eq. 2-64); these relations are

II. k h.i 311 s . S . n iil

"--~ s Im( () .(5-Is) :
C.•

'[ie coefficient d(i) involves the same sum and is given by
1-c.

nn il ) = n IlS Il ::
n ~11 1.11 s V 11/111I e ic te c ic 1e L4 k k

,z 3.4 x 10 n.in s. (5-19-

Our coupling coefficients may be more familiar if tley' are in-

terpreted as collision frequencies and related to the electrical rcsistivity.

The average momentum- loss collision frequency for electron-ion collisions is

n
_ISie , (5-20)

and that for collisions of electrons with neutrals of species j is
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V C

I'hese quiantities are related to the electrical resistivity r~(ill cm 2/sec) by

2

-~---~(v.+ Lv~

e-'

e 2\te ne j je

The electron mlomlentuim balance equation (Eq. 2-53 or 5-8) canl be

expreSssed in. termns of the resis~tivi ty by using Eqs. 5-22, 5-5, and 2-49.

If one can neglect the magnetic field, the electron pressure gradient,

gravity, and thle ion-netictral sl ip velocity V -V., thle resul t ing relation

*reduces to a formn of Ohim's law, E ý IJ /c. More general ly, the resulting

relation canl be s'4ibstituted into Faraday'I s law, DlB/3t -cvxi:, to give

~j4 - cVP
1.+ ts(V -V. (5-23)V x i x j)

enoi. enl e 1 nie n11

MUD ill) imlationIs usually ignlore the last three terms, although the validity of

this approximation is uncerta~inI.

Simplified forms of the niomentum-coupi ing coeffic.i ent s, hecat.-

transfer coefficients, and electrical resistivity n are uiseful. For thle

temperature ranges and species mixtures encountered after thle first second

of a nuclear bursts, tile following forms are within a factor of two of re-

stilts found by using Fqs. 5-12 to 5-22 with Tlablec 5-1 or Figs. 5- 1 to 5-4:

32 + + +

+4.8XI0 2(kT4-+kT 0.) S ~ 75 j1,2[N1IN + 101 [ +j 0.8S4INOIINOII1



•iK-

nh, .11 7.0 x 1)101 It. 2 7. x 1o0(k' 4k')0.375

x{1.36[NJ [N + + [01 [o+ + 0.45[NO] INO÷] , (5-25)+ • At

x 10- S(kT 0,04 (5-26) A*

S- 6.0 x 10 2(kre 0.64 (5-27) * ,ne 0 lie x) Cn ,

.nnSe = 3.18 x 10 32 )- . nS , (5-28)A .

nineh. - 3.6 x 10 ( 9I ) 1. n. n , (5-29) * * A -'

1.2 x 08 .r 0,64, 1 . + 2.89 10 (k ) /n (S-30)* *(kl 0e)l1.5 0 1

where kTi', k'r., and kT are iln eV, Ti is in cm I/sc, and the other

quantitios aro in cgs units. In Iqs. 5-28 to 5-30 wo uised tol(2/0) = 12, -

the weak dependence of this factor on n and ''ll is given in Reiferonce R

Table 5.1 (where btA=b'L(2/0 or in Reference 7, Figure 8-6. A

11lt.i n sm the Sp l.ified forll ofi the Inomentun-, alpI iing coeffi ci en ts,-

the ion- neutral collisiion frequency Ml V the electron-neutral collision

frequency %) and tile electron- ion collision frequency v are ,iven by
e l l U I.I

\•. = n s i/pi l'2 10-'2{1,iN+(] + !.',[N2+O ,+NO] }[N++O+ tN0+]/pi •)

S,. x10-"-(k' +k'r. )0'37t1.21N, 4N1 J + 1 101[°' 1 0.8'11NOI INO+l/i /p

ell= " / : 8. lx10 (kT 0.6,1 ]"n
V l nl lneslicl o SX":

Ue. =i nUn5i/0e = 3. 5×10o (kUe) 1 ni, i(;-31l A A ••

where kU , kTi, and kT are in cV and the other qutantities are in cp s , n i t s.
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APPENDIX A

GLOSSARY OF SYMBOLS

a0 Bohr radius, 0.5292 x 10' cm.

A Constant in electron-ion (Coulomb) scattering cross section,

0.06 x 10l 01 (2/(~) C111 sec4 (M. 3-5).

Magnetic field strength (gauss).

c Speed of light, 2.998 x0 CmI/Sec.

d Fractional coupling coefficient: d i fraction of the ion-ni
neutral frictional heating that goes into internal energy

(n) (i)
of neutrals, Eq. 2-53; dre P) fracti onal coupling coeffi-
cients for electron-neutral and electron-ion collisions,

Eq. 2-54.

e Proton charge, 4.803 x< 10-10 statcoul.

Base of natural logarithms.

E Electric field strength (statvolt/cm).

j (V;_'- Maxwell-Boltziuann velocity distribution function, Eq. 2-1-;

*1 f1 (V1 ), abbreviated form defined by Eq. 2-16; f2 ( ) distri-
bution of relative velocities of pairs of particles of

3 6
different species, Eq. 2-17 (sec /cm )

F(W) Diinent ion less momentum- trans fer, cross section for elastic

atom-atom scattering, q0 V(Eq. 3-25).

Acceleration due to gravity (~-980 cm/sec 2)
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h Planck's constant, 6.626 1 027 er'g-sec. _N

h(T ,V) Rate coefficient fur heat transfer due to scattering, Eq. 2-30

(see also Lq. 2-40); hjk. heat-transfer coefficient for elastic

scattering of neutrals of species j and ions of species k;

hj (or hi in Section 3.2), heat-transfer coefficient for

scattering of electrons and neutrals of species j or ions of

species k; hje, hke, heat-transfer coefficient for scatter-

ing of electrons and neutrals of species j or ions of

species k; hk, heat-transfer coefficient due to sy•mnetric

charge exchange of ions of species k with their parent

atoms or molecules, Section 2.22b; hn h combined -!

heat-transfer coefficient for, ion-neutral, electron-neutral,

or electron-ion collisions, Section 2.3b (cm 3/sec).

Specific internal energy of a gas, Section 2.1a. This is j
taken to include the translationai kinetic energy of particle

notion in the frame moving with the mean velocity V1  plus

the energy of rotational excitation of molecules. Vibrational

energy and ionization energy are excluded. (erg/gm)

4 j Index of neutral species.

J* Current density (abamp/cmn).

k Boltzmaian constant, 1.381 1 o erg/°K or 1.602 1012 erg/eV.

k Index of ion species. 4
k(T ,V) Reaction rate coefficient: ks, rate coefficient for scatter-

ing collisions, Eq. 2-28, used only for inelastic collisions";

kx, rate coefficient for asyimnetric charge exchange, Eq. B-8

(see also Eq. B-14) (cm 3 /sec).

K (T) Mobility of ions in a weak electric field, reduced to standard

density (cm 2/statvolt-sec).

zx (TmV) Rate coefficient for specific internal energy change of a

reactant due to asymmetric charge exchange, Eq. B-10 (see

also Eq. B-20) (cm-sec).
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in Particl I e mass Ile electron iis s;i mass of a mo I ecul e of

neutral species j ; Iiik or Illi , mass of an ion of species
k gmkL ~k (gin). •

1n Number density of particles; ne, n n, num,,ber denisity of f
0electrons, ions, or neutral molecules; n(X°) or n., number

density of neutral species j; n(X4) or n, number density
of ions of species k (cm'3).

•,(T p( V) Rate coefficient for velocity change of a reactant due to
Sasyimnetric charge exchange, Eq. B-9 (see also Eq. B-19)

(cm-sec)

P Fluid p)ressure; P., Pi' Pn' pressure of electrons, ions, or

lneutral s (dyne/cm2 ).

V q(v) Momentum-transfer cross section of a pair of particles,

Eq. 2-23; (!)(V), onmpntum-transfer cross section for elastic

scattering; qinel(v), momentum-transfer cross section for

inelastic scatiering, Eq. C-3; q*(v), effective momentum-

transfer cross section due to symiietric charge exchange,

2 o(v) (Eq. 2-43); qT(vl), effective momentum-transfer cross

section due to asymmetric charge exchange, ((ml+m 2 )m1 ) ox(vl)

(Eq. B-31) (ci ). 

•.

r Separation of two particles; r-, separation at which their

potential energy is a minimum (cm).

S(Tm V) Coupling coefficient due to scattering, Eq. 2-29 (see also

Eq. 2-36); sjk, coupling coefficient for elastic scattering

of neutrals of species j and ions of species k; sje
coupling coefficiert for scattering of electrons and neutrals

of species j; ske, coupling coefficient for elastic scattering
of electrons and ions of species k; s*, coupling coefficient
due to symmetric charge exchange of ions of species k with

tneir parent atoms or molecules, Section 2.2b; sn, Sne, Sie,

combined coupling coefficient for ion-.neutral , elctron-,neutral

or electron-ion collisions, lIqs. 2-48 to 2-A1/ (9m-cm /sec).
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"S(v1 ) Stopping cross section, -n -1dEl/dx (Lq. C-I); S inel(vj)

stopping cross section due to inelastic scettering fronm

atomic electrons (erg-cm2 /atol_)).

t Time (sec).

T Temperature., T V l, ' temperature of electrons, ions, or

neutrals (*f( or 0v).

Tm Temperat,.sre characterizing the distribution of relative

velocities of pairs of particles, (mlT 2 T m2 T )/(m1 +m2 )

(Eq. 2-21); Tjk, temlperature characteriziny the distribution
of relative velocities of pairs consisting of a neutral atom

or molecule of species j and and ion of species k ("K or OV).

U Thermal speed parameter, (2kTj/m 1 + 2kT 2 1 2/2m character-
izing the distribution of relative velocities of pairs of

particles (Eq. 2-32) (cm/sec).

v Initial relative velocity of two particles, -2 (Eq. 2-6);

v , final relative velocity of two particles; vt, typical

relative speed, Eq. 3-4 (cm/sec).

V1  Initial velocity of first particle in the laboratory frame;

v final velocity of first I)article (cm/sec).

Vcm Velocity of center of mass of two particles (cm/sec).

Relative macroscopic velocity of two gases, VI-V 2 (Eq. 2-20)

(cm/ se).

Macroscopic velocity of first gas inl the laboratory frame; ,

Ve, V.i, V,, macroscopic velocity of electrons, ions, or

neutrals (cm/sec).

W Dimensionless kinetic energy of a pair of particles in their

center-of-mass frame, Eq. 3-24.

Z Atomic number.
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An Ie-averagied dipole polatrizabi lity ( cr3 )3

Dimensionless parameter measuring thl relative strength of

the r 6 and r" potential energies, Eq. 3-18.

,ý(x) Dirac delta function.

.,V I Change in velocity of first particle during a collision,

vI -vc chalrge

At Rate of change of mass density due to asymmetric charge

exchange, Eq. B-2 (gm/cm 3-sec).

"A-(pI) Rate of change of internal energy density due to scattering
At

or syiinetric charge exchange, Eq, 2-38; A(pl)x /At, rate due
to asymmetric charge exchange (erg/cm3 -sec).

11 V/

Rate of change of total energy density due to scattering or

symmetric charge exchange, Eq. 2-3; A V ,. )-/A\t, rate due

to asymmetric charge exchange, Eq. 13-4 (erg/cm -sec).

A(pý) Rate of change of momentum density due to scattering or.1 t"

syn~netric charge exchange, Eq. 2-2; A(IAV) /At, rate due to

x 3asynmetric charge exchange, Eq. B-3 (dyne/cm3).

Loss (or gain, if t<0) of kinetic energy by a pair of

particles in a collision; c,, loss of kinetic energy in a

collision in which the final states of the particles are

specified by t, (erg).

Depth of potential energy well of a pair of par'ticles,

(erg or eV) (used in Section 3.3b).

c0 Scaling factor for energy, Eq. 3-23 (erg or keV).

Electrical resistivity, (c 2/e 2)(S ie+ne1 l..njs.) 0., 22);

., resistivity transverse to a strong magnoeti fi.'d,

J4 3 (2,1111 /1 ? (? k-1 (m s em

A-!)



4.

Zenithal scatterinq anlilo in tile cent.er-of-imais frame,

defined by di d(Iram in Section 2. Ib; " minimum sat.teri nq

"1119Ne Eq. 3-2.
SSeld inlu lacier for' l~ic'itll, Uq. 'ý-22 (cm).

2 112Debye shieldinq distance, (k'[e/4"on e) (cm)

Reduced mass ol a pair of pdrticlus, m / 11 tn)
([q, 2-4 )2

i Average momentum.-ltss collision frequency for electron-ion

Coel 1iSios, Eq. 5-S; averile Iullumntuil,.-Ioss coil isionil

frequency for collisions of electrons with neutrals of

species j, Eq. 5-6 (se%-).

Dimensionless relative velocity of two particles, £. 2-31.

Mass (dens ity ; 0 IlaSS dens ity of ci ectrons. i onls
or neutral s (qin/m/ea

0(v) lotal cross section: , (v), total scatterinq cross section,

Eq. 2-22, used only for inelastic collisions; o (v), total

cross section for charge exchan(le (cm 2 )

(vo , u) Differentioll scatt.ering :cross section in the center-of-mass

frame (Reference i) (cmI s terad

Co is ioil temperature for ,oil i si ons be tween two species,

Eqs. 5-2 and 5-3 (erq or eV).

Azimuthal scatter ilj anl e iOW the center-of-mass frame,
,eaSuled arot(W tdhe v axis.

(r) Potential encirly of a pair, of particles (er.I). -
sol id angle (sterad).

f-A-u



MOMENI UM AND l!NLRGY rRAINSFER BY
C(IAFR;-EXCIIANGE REAMi ONS

() S tait ement. of' the Probi lem

Asymmnct rk i trr -cc~ ~ eacet oils requir iI1Ž a ho r' e vne ra I tPeut -

aweI t tha, ithII at voil Ie i Sec t I oll.2h o .viIet Pc ouik: WC coull di k

r'eac t iml o fi 1 t li I 'mlll

A B- A 114 (-I
B- I)
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A (P V O)
fit V 1 vl 1 )f2 (v, vY () v Id v 2

A( 2~ j F! 2) -)+

AtJ n v1 f1 V1 )f )vo (v)d v d V2  (B-4)

F'or the product species A the corresponding rates are

A3x, - K 5p -)
At *At

iA (.3 f ,f 2  vo, (v),d I v d 3 V2  (B-6,1

(b)~ EvlYto ofIneg2l

I;
(PlVI2)X = lf (V;)2 (f 2 V jx (v) d 3v ( -v

At _( f21

(b) Evaluation of Integrals

The procedure for evaluating these integrals is similar to that

described in more detail in Section 2.1(c). We change integration

variables from v1, v 2  to i1 - v and integrate over d 1  in Eqs. B-2
to B-4. T17he integrals over dyv are then expressed in terns of the

following three rate coefficients. The rate coefficient for the charge

exchange reaction is defined analogously to Eq. 2-28:

k V(TV) = f 2(V) x(v)vd v (B-8)

2

We also define two related coefficients by

mlm 2

x ('rmV) v k(mlT2 +m2 rl) n1Jf 2 (v)Crx(v)v(v-V)d'v

B-2
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2 2

. III ,V) 2 f 0,()(V) v 4
A (in 2 ,)n?1 2 '2

v~ -~ 2) - -kmT+nT) ýv 1'0)

12 -,

37

Note that k xi s ill cm1 /sec-, While p) and are in cin-scc. We will
show that 1) nd Z can be interpreted as the rate coefficient for

Vel1oci ty Chanlge Of a reactant and that for specific internal encrg' Thange.

We do the angular parts of these integrals as in Section 2. 1 (c).

Thie integral in Eq. B-9 is parallel to the V direction. We again use

the abbreviation V =V, - V,, and eli.minijatc tile mcan temperature T in

favor of the related thermal speed parameter (E~q. 2-32)

12 k'r- 2kT

2

iu2

IIUfo( [x 1U $-2 (i& +V/U)v -

0
if T > 0 and V > 0,

k ((T V) 4 U (W'V) dF if v 0

0

Vu (V) if T =0.
x mI

(n-i)V,

sho tht P ad • ca behierpete a th rae cefi~1ent-o



The results for the other rate coefficients are

v•~ I W • u •-;I -v 2. 2):/ 2

0

3 ~2 2 2) Iý+V/J) 2] i

U

P rV) if T > 0 and V 0,

16 1 5 3 3O an -EO 2
ef(V)dx d if T > 0 and V 0

0

a (V) do-- + ,-v)if 0and V , >0

(B-12)

21 _v Vd2  1
WO 2 +U

'"- fix- 0 u-U2•v 0
4~ j- 2 1 2' :..2

U 2 -

T > 0 and V > 0"- , . ( TI n , V ) = I -n

3P(T 0) if Tf > 0 and V= 0

"0 P(Tv,) dc d.o

x d 1

S(V) V - f Tm =0 and V > 0

(B-13)

B-4
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(c) Results for Reactant Species

"T'he time rates of change due to charge exchange of the densities

of mass, momentum, and total energy of the first gas are

Ap1
AIxt

t -= n1 n1 k ('r' V) , (B-14)
At I21 I XII

I = - n1 n2 [kx(T',V)mlV1 + px(T'mV)k'Tl\v , (B-15)
At12

_ Plt 2 1InU V + W• kTr k (TV)

At 12TI11

(' Px(mV)kT V°V 1 + 9l IxV) (B-16)

We again split the total energy into macroscopic kinetic energy

and internal energy as in Eq. 2-38. The macroscopic kinetic energy is now

found by

At 2 At

A(Pllxt " V1 4_ 1 vlmv2 AplIxt

=k- nln 2 kx (Tn,V) m + -P(x(Trm,v)k-rlvVl 8)

(B-17)

so the rate of change due to charge exchange of the internal energy density
of the first species is i

A~o~I)X n 11 nn kTlkx (TinV) + m x('rnPV) . (B- 18)

B-5 :;
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SThe quantity Px (T',V) might be considered to be the rate coeffi-

cient for velocity change of a reactant because

At Q I At

S-2PxCrm ,V) M V

This rate coefficient p (TmV) can be positive or negative. If a (V)

is inversely proportional to v (say o (v) = Ko/V) , then p (', V) and

VAl/At are zero (see definitions B-9 and 2-17 of p (T'mIV) and (0)

in this case every particle of the first species has the same probability

per unit time of charge exchange (n 9 K0 ). In general, px(T ,V) is positivem
if Vu (v) is an increasing function of v (as is usual for symmetric

charge exchange, such as Figures 4-1 to 4-4) and is negative if vox()

is a decreasing function.

Similarly we note that

AIll U_ (I AP

(kTjk')
n.- Z (x ) (B-20)n

- m l2 ( •

where we have taken I kT 1 /m. One could call Z (T ,V) a rate

coefficient for specific internal energy change of a reactant. If U (V)

is inversely proportional to v, then Z ('r V) and Al l/t are zero
x m' Ix

(see definition B-10).

Bi-6



(d) Results for Product Species

'Me relations for product species are quite similar to those for

reactant species because of our assumptions mentioned earlier that charge

exchange results only in direct forward scattering (0 << 1) and that the

energy defect is negligible (IC << « v). In this case the rates for the

product that has particle mass m1 simplify to $

AP3 API:
A=lx (B-21)

AP3 V3)X Ap IPV1 o-A( x= )x (B-22) i
At At

2  lx (B-23)

At At (ml+m2 ) m, At- (-

The last term of Eq. B-23 represents a part of the energy loss (or gain)

occurring in each reaction (compare Eqs. 2-37 and 2-40); it need be included

only if strict energy conservation is demanded.

1 2.•
We again split the total energy -P3 v 3  into macroscopic kinetic

energy and internal energy as in Eq. 2-38. The macroscopic kinetic energy is

A(1 P3 v3 )2) A [(P3 V3 )2/p 3 x

At 2 At

(P 1 V32 AP3 x

At 3 2 3 At

-V3 + -7--- (B-24)

B -7
9,°



For the i.nternal energy of this product species the rate of change due to

charge exchange is

A (P 31.) 3 A(.2 03,5) A 20V2)
At At At

and after substitution of Eqs. B-23, R-24, 2-38, and B-17 this becomes

A(p31 ) A(P ) - A(P ) AP

At At + (Vs-V 1) "+ 4- "t1  3 6t

IT Apm2 I ~x
+ - - -(B3-25)+ (ml+m2) m1  At

The total power per unit voltume transferred by charge exchange

from the total energy of both reacting gases to ionization energy is

(compare Eq. 2-41)

P121 )~ A(12 P2"-?)_ A(' P~3~ 3 2 2 )4v4)
____________ - -_ n_______ n __k (-r ,V)At At At At 1 2 x II'm

(B-26)

One hydrocode that uses a finite-difference scheme (the MICE
code) uses a special technique when two fluid elements having different
velocities are to be combined: it conserves kinetic energy, as well 4s

mass, total energy, and the direction of momentum, and sacrifices con-

servation of the magnitude of momentum. Use of this technique modifies

Eqs. B-24, B-25, and B-22.

(e) A Simpler Approximation

We present a simplified treatment that uses only the ordinary

rate coefficient for a charge-exchange reaction instead of three rate

coeffi.cients.

B-8



Much ,Simplification results if one assumes that the momentum and

internal energy densities of reactant species can be approximated by

•x 1•2x 
7PX6t V 1 At (B-27)

and
A ( r, I I ) x 3 k ~ r I A P l .

_____ T x(B- 28)

At 2 mI At

Tlhe neglect of terms P /VW /At and P AI /At in these relations is

equivalent to ignoring the rate coefficients p (T.1,V) and t CI' ,V)
respectively ([qs. B-19 and B-20). This fact enables one to simplify the

other relations in the precoding two subsections.

11iis approximation is also equivalent to assuming that the

particles that charge-exchange have the same mean velocity and specific

internal energy as the rest of their species. The direction or sign of

the neglected terms can be scen from subsection (c) for example, if

0 (v)v is an increasing function of v, then p AVx/At is in the

direction of V- V

S(f) Comparing the Effect of Charge Exchange with that of Scattering

Finally, we ask how to compare the effects of asymmetric charge

exchange with those, due to scattering and symmetric charge exchange. First

note that the former causes transfer of mass between ions and neutrals

while the latter two do not. Then for comparsing momentum transfer,
consider the following exp~eriment.

A beam of ions of one species is incident with speed V on a

cold stationary gas of a second species. xWhile the first gas traverses

• B-9



distance Ax V At, charge exchange changes its momentuit density at

a distance rate pV

- n 1 1)nVln2 0(Vl) " (13-29)

this can be obtained from Uiqs. B-15 and 11-11c with 1I 0, 0, and

V') = 0. For comparison scattering off the second gas changes this momentum

density at a rate given by Eq. 2-36, which in this case can be rewritten as

(- in+1 1m2 1 A(P V
(I ln it III V Ax (B- 30)

This could be considered a definition of the momentum•-transfer cross

section q,

We have extended this relation to define an effective momentum-

transfer cross section for charge exchange ql.(V 1 ). Using kq. B-29 one

finds that

q-,r(VI) = 12 o (Vd)(-1

"'2

bThis definition is consistent with that of the momentum-transfer cros5

section for symmetric charge exchange q*(v) (Vq. 2-43). The relative

importance of scattering and charge exchange in transferring momentum is

"soon by comparing 1, with cl and q iCel (see Figures 4-5 to ,1-8).

Note that this comparison applies only to the momentum change of the ions

because definition B-31 is asymmetric betwecn tho two species. tso the

comparison applies strictly only in this experiment, in which T1  0,

Tr= 0, and V2  0.

B-t0
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APPENDIX C

INELASTIC ION-NEUTRAL COLLISIONS ABOVE I0 keV

In collisiolls of atoms or ions, inelastic scattering involving ex-
7citation and iortization is important at relative speeds above 5 x 10 cm/sec

(center-of-mass kinetic energy above 10 keV for N ions on N). After a high-

altitude nuclear explosion such collisions are usually important only for

the first second.

We use measur ements of the energy loss rate dl(dx1/

for beams of N and AZ ioas ill cold N or air. 'i'le measurements of-

References 941 and 95 are stated ill telllns of tile stopping cross section

S(v 1 ) - " -= " I A-- '-l-j,
11'ý dx 11)v1  At(CI

whereO theneOUtrall density a is in atol|s/ca', The observed stopping cross

section includes a contribution due to elastic scattering ("nuclear stopping");

this is calculated to be less than 10 percent of the total for speeds v1
7greater thau S x 10 cm//sec (Reference 94). The remainder is due to il-

elastic scatteri ng ("electronic stopping'") and can be approxi, mated by the

empirical relationIP
Sine(V) = kov1  (C-2)

where the parameters k and P are given in Table C-1.
0

C-

C-1
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--A

Table C-I. Parameters of the stopping cross section due to inelastic
scattering as given by Sinel(VI) koIvlP. Sinel is ill
erg-cn12 /atom and vIis in cm/sec.

Colliding Coefficient ko Exponent Speed range, Reference
pair P cm/sec

N on air 4.9xi0"4 1.0 5xlO 7 <V1<2.6xlO8  94 to 97

0 on air 5.OxO"3 4  1.0 5xlO7<V<2.5xlO8  94, 951

Ak on air 3.8xlO"35 1.14 1.2108<v 1<3.7)108 9b, 9 7

Hle on lie 6.1 x 1035 .0 2.7xlO8 Vl.A4.410 8  96, 97

U on N 1.8 x 10-37 1 47 1.5x108 <V<l.0Xl0 9  98

10ow is Si (v) rel ated to the momentum-.transti'er cross sect •on

q(vc)? We first note that inelastic collisions involve many different

kinetic energy losses c, depending on the final states of the colliding

particles. We denote the pair 01' final states by Z and treat the eiierg)"

losses as discrete: F., Z = 1,2,... The rates of energy and momentum

traunsfcr depend on two sums of cross sect ions:

and the quantity L 't(v,.c). The e.loctronic stopping cross section

Sine (v ) can be related to these by .q. 2-37 with 1T = 0, '1'2 0, and
inel 1

V2 =0 and Eqs. 2-33c and 2-35c:
2

s. 1 [ 2 2 !1
S ine (V 1) V1 , v I n (v1) + -c-o (v PC

(mI+m 2 ) ie I

(C-4)

C-2
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r~o O'va I liat (v ) we maKe two acssumnpl lows. Al 1huse hli gl

speeds t lie 1, nlet I k enlergy I ends to d i ss 5i pat cj1 mlly coWI IL I isi oil w0 i Lii SallN)

I o'ý se- ratherI th an in1 :1 fe wi W i h11i g~ I osst's SO we eonl asslume thalit

(ill t 17

Whe'never tot(V. L ý) is important. We fur'ther' assume that scat t(rii ag in

these net as tic Ccollisi owS IS i the I or'Word direction ,

Fromi the defho it ions of q 1.(v) and t o(V ,%:,) (Ei~Ls. C -3, 2-21, and 2-22)

0110 then findms that

t (~~Il 1 11 li
= i 1 t 2) ' e V

App rox imat ion; C.-51 and C *- imnp I that thle co rrec tion te rm ( i od ivtotd by'

dots) is zinai I because it i ovolm I ys itgher orders, Of the small qutait itics

2ý. /AiV 2and U. it cal bei Ishown hi~depenidentl I of appr)) ox imat i onl. C-5 and

C-0 that this Correct.ion term is ulegat ivo, a,; indicated.

t:Oithillill0). t )ih 1TSI'5Lit. With C-S.1.- anid C- 2 onec finlds that

(v)v

(ill 1-1,) kv 1

tI I I eI C 8'*

~YUIVCJ 5 1 1 () A-
k 0

where thle IILk- icc I C te ni's haiv'o the si l ns, inmdicat ed.

Figure s '1-2, 4-3 anid 4-5 show q lv ~v) Cor N, 0, M 14

Ui ions onl N calcutlateod using Eiq. C-S and Table (.-I. For ion mloloculle

CC) iiiSi 005 We hay.' addedLilte ;IIprpirPi ate ioill-atomi cro5s. Secti olls (12i gAirCs

4-C) to 4-8).
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